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ABSTRACT 
 
he Ni-base superalloy, IN-718, has been coated with alumina sols. Coated surfaces, carrying 
alumina layers having thicknesses between 0.6 µm and 3.6 µm show a significantly reduced 
oxidation rate when compared with uncoated reference surfaces, even if heating temperature is 
increased up to 900 °C and heating time is extended to 800 h.  
Alumina layers were prepared via sol-gel processing using a modified Yoldas procedure to obtain 
alumina sols. No change in rheological sol behavior was observed for more than 1 year of aging 
under static conditions at room temperature. Depending on pH value, modified Yoldas sols 
contain a manifold of Al species, among them Al13 polycations. Thermal evolution of sol derived 
alumina powders depends on Al speciation of parent sols. Depending on sol composition, both 
gamma-Al2O3 and eta-Al2O3 occur as intermediate transition aluminas.  
Phase composition and gas phase velocity influence oxygen permeability of thin layers prepared 
with modified Yoldas sols.  
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1. INTRODUCTION 
 
urbines are vital for today’s aircraft 
propulsion and power generation. Crucial 
parts of a turbine are the turbine blades 
which during service are subject to severe 
mechanical and thermal operating conditions 
[CZE-1997]. Gas inlet temperatures reach 1400 °C 
[CZE-1997]. In order to withstand these conditions, 
current state of the art turbine blades are internally 
cooled with air and covered with a thermal 
insulation coating [STR-1985]. Despite these 
efforts, oxidation related failures are one of the 
factors limiting turbine blade life [SIN-2005]. 
Hence, improved oxidation resistance results in 
increased turbine blade life [STR-1985]. Further-
more enhanced turbine blade oxidation resistance 
allows an increase in turbine operating temperature 
which in turn results in increased efficiency 
[STR-1985, CZE-1997].  
Current state of the art turbine blades are already 
coated with oxidation protection coatings, which 
also act as bond coats for the above mentioned 
thermal insulation coating. The oxidation protection 
coatings currently in use do not completely 
suppress oxidation. Residual oxidation leads to the 
development of a so called thermally grown oxide 
(TGO) layer. During turbine blade operation the 
TGO layer thickness gradually increases. 
Eventually these growth processes lead to turbine 
blade failure as TGO growth leads to spallation of 
the vital thermal insulation layer.  
An ideal oxidation protection coating should 
offer long term suppression of TGO growth during 
turbine service. Furthermore, an ideal oxidation 
protection coating should be very uniform and 
exhibit excellent bonding characteristics to both the 
base metal of the turbine blade and the thermal 
insulation coating. In addition, it would greatly 
improve thermal cycling properties, if such an 
oxidation protection coating was very thin. This 
work aimed at developing a thin oxidation 
protection coating on a laboratory scale, which is 
the necessary prerequisite for an application on 
currently used gas turbine blades. A potential route 
to achieve this goal is the application of a sol-gel 
coating, as this method allows the preparation of 
thin and homogenous layers in a potentially low 
cost process. Different standard procedures exist for 
preparing sols which could be used as coating 
agents. In this work, a modified Yoldas procedure 
was chosen. This synthesis route was previously 
only scarcely described in the literature 
[CLA-1989]. First own results [DRE-2003] proofed 
this method to be a promising starting point as the 
resulting sols show excellent long term stability and 
a small particle size.  
The following issues have to be addressed in 
order to obtain sol-gel derived alumina based 
oxidation protection coatings on metal substrates: 
(i) Sol synthesis parameters must be identified and 
varied in order to be able to reproducibly prepare 
stable sols. (ii) Fundamental chemical and 
application related properties of sols and related 
products (powders, coatings) need to be studied, in 
order to be able to systematically change the 
properties of the resulting coatings. Important 
parameters are: Al speciation in the solid and liquid 
state, particle size in sols, flow characteristics of 
sols, influence of heat treatment on Al speciation 
and phase composition as well as shrinkage 
characteristics of xerogels. (iii) Parameters have to 
be identified and adjusted in order to allow for the 
preparation of well adherent, homogeneous and 
crack-free layers in an easy and reproducible way 
on metal substrates. (iv) Procedures allowing the 
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characterization of oxidation protection capability 
have to be devised and the applied coatings must be 
tested. 
To achieve the set tasks, extensive work 
regarding preparation of sols, xerogels and coatings 
had to be carried out. This involved coating model 
substrates like glass and corundum prior to metal 
coating experiments. Investigations carried out in 
this work included the use of: rheometric 
measurements, particle size analysis, UV-vis 
spectroscopy, nuclear magnetic resonance (NMR) 
spectroscopy, differential thermal analysis (DTA), 
differential thermal gravimetry (DTG), mass 
spectrometry (MS), X-ray diffraction (XRD), 
dilatometry, scanning electron microscopy (SEM), 
transmission electron microscopy (TEM), energy 
dispersive X-ray (EDX) and nanoindentation 
measurements. 
In addition to these coating related tasks, the 
attempt was made within the framework of this 
work to design, build and test an apparatus which 
allows to quantify the amount of gas permeating 
through ceramic membranes with thicknesses in the 
micrometer range. 
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2. LITERATURE REVIEW 
 
2.1  Current oxidation protection techniques  
 
aterials used in applications such as 
turbines with inlet temperatures of up 
to 1400 °C [CZE-1997] have to fulfill 
two major demands. First: They must show 
sufficient mechanical strength at high temperatures. 
And second: In order to achieve sensible service 
times, materials have to be corrosion and oxidation 
resistant. Ceramic turbine blades seemed to be 
promising as they have good high-temperature 
strength. However, their brittleness excludes this 
class of materials. Furthermore, problems with 
volatilization (e.g. in SiC and Si3N4) and corrosion 
in hot water vapor containing atmospheres have 
been observed [PIN-2006]. Use of precious metals 
or precious metal based alloys is hindered not only 
because of their high cost but also due to 
evaporation of precious metal oxides and formation 
of brittle intermetallic phases with Al, Cr and Si 
[PIN-2006]. As pointed out by Pint et al. 
[PIN-2006], refractory metals which have high 
melting temperatures and relatively good 
high-temperature strength could be used, if these 
materials did not show such an extremely poor 
high-temperature oxidation resistance. These 
authors add that large research programs in the 
1950s and 1960s were not able to make much 
progress in that field of research.  
The materials currently used are Ni-base 
superalloys [PIN-2006] which are coated with 
oxidation protection coatings and thermal insulation 
layers. Figure 2.1 shows the cross section of a 
turbine blade coated with a thermal barrier coating 
system. The schema has been adopted from 
Strangman [STR-1985] according to whom turbine 
blades for high-temperature applications have the 
following design. A metallic substrate is coated by 
a MCrAlY coating, whereas M stands for Ni or Co 
[CZE-1997]. Above the MCrAlY layer a Y2O3 
stabilized ZrO2 coating is applied.  
The metal substrate takes the mechanical loads 
which act upon the turbine blade during service. 
The MCrAlY coating acts as bond coat (BC) 
between the base alloy and the ZrO2 layer 
[RUS-2000]. Turbine blades are internally cooled 
with air which provokes the formation of a 
temperature gradient [CZE-1997], as ZrO2 has a 
lower thermal conductivity than the base alloy 
[STR-1985]. Hence the ZrO2 layer is called thermal 
barrier coating (TBC). As different authors have 
investigated different TBC systems, different 
values for achievable temperature reduction by 
ZrO2 coatings can be found. Czech et al. 
[CZE-1997] and Sivakumar and Mordike 
[SIV-1989] reported metal temperature to be 
decreased by up to 200 °C.  
  It should be noted that out of economic reasons 
not all turbine blades in a turbine are coated with a 
TBC made of ZrO2. As temperature decreases 
towards the low pressure side of a turbine, the 
blades used in these regions with lower 
temperatures carry a MCrAlY coating only. The 
blades on the last drum before the exhaust might 
even be uncoated.  
As the ZrO2 layer is essentially oxygen 
transparent [EVA-2001] a layer of so called 
thermally grown oxide (TGO) is formed upon the 
MCrAlY coating at elevated temperatures. The 
TGO provides oxidation protection for the 
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underlying metal substrate which would otherwise 
be oxidized [RUS-2000]. Different dimensions for 
the BC and TBC can be found in the literature. 
According to Russell et al. [RUS-2000] the BC is 
~ 250 µm thick whereas the TBC thickness is given 
with ~ 500 µm. If using MCrAlY coatings under 
oxidizing conditions, the protective TGO consists 
of Al2O3 [RUS-2000] which provides “...low 
oxygen diffusivity and superior adherence.” 
[EVA-2001]. In addition to MCrAlY layers, 
Pt-modified diffusion aluminide coatings 
[EVA-2001] consisting of beta-(Ni,Pt)Al 
[CHEN-1997] are also used for oxidation 
protection. Similar to the MCrAlY coatings, 
aluminide coatings form an Al2O3 scale which 
provides oxidation protection [ESK-2004].  
Apart from Al2O3, other oxides like e.g. Cr2O3 
also provide oxidation protection. However, as 
pointed out by many authors, Cr2O3 scales are not 
stable above 800 °C, as CrO3 evaporation occurs 
[HEC-1990, SHIK-1986, GOL-1980]. According to 
Sivakumar and Mordike [SIV-1989], Cr2O3 offers 
protection against sulphidation and hot corrosion 
whereas Al2O3, in addition, offers protection 
against carburization.  
As already mentioned above, the growth of Al2O3 
(TGO) offers protection for the underlying 
substrate but is also the cause for TBC failure 
[EVA-2001]. Thus, it seems sensible to apply an 
Al2O3 layer prior to coating with ZrO2 in order to 
avoid growth phenomena. As an example 
Strangman and Solfest [STR-1989] filed a patent in 
which they described the positive effects on turbine 
blade life if a 1 µm CVD-applied Al2O3 layer was 
deposited onto the MCrAlY layer prior to ZrO2 
coating. To the best of the authors knowledge, the 
patent authors did not publish any further details 
regarding their invention. Furthermore, no reports 
regarding any commercial application of this 
invention were found. However, reports by other 
authors show that CVD or plasma spray applied 
Al2O3 coatings can be beneficial for oxidation 
protection [SU-2004, NAB-2003, LIM-2005]. A 
layer application approach different from the one 
used by the above mentioned authors was chosen 
for this work. As the backbone of all above 
described oxidation protection techniques is the 
presence of an Al2O3 layer, this work aimed at 
applying a protective alumina layer onto a metallic 
substrate via sol-gel processing. Examples of 
coating techniques currently used for turbine blade 
coatings are: atmospheric plasma spraying (APS), 
low pressure plasma spraying (LPPS), electron 
beam physical vapor deposition (EB-PVD), 
chemical vapor deposition (CVD), shrouded plasma 
spraying (SPS), etc. The following potential 
benefits could be drawn from using sol-gel 
processing instead. (i) Deposition of layers can be 
done at room temperature which implies that during 
service and thermal cycling sol-gel coatings are 
rather strain stressed than subject to compressive 
stresses. Further details will be explained in the 
following section. (ii) Application at room 
temperature allows the deposition of mixtures of 
compounds with different evaporation properties. 
Figure 2.1. Schematic drawing of a thermal barrier coating 
(TBC) system, after Strangman [STR-1985]. 
Y2O3 stabilized ZrO2 
MCrAlY 
Al2O3  
substrate 
TBC 
BC 
TGO 
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This becomes important as high temperatures are 
required for the above mentioned deposition 
processes. Plasma flame temperature can reach up 
to 20,000 °C [ESK-2004], CVD process is carried 
out at 1050 °C [HE-2004]. Hence, during 
deposition undesired chemical reactions can take 
place [STR-1985]. (iii) Compared to these currently 
used coating techniques, sol-gel processing which 
is usually regarded as a high cost process could be a 
potential low cost alternative. 
 
 
2.2  TGO growth and TBC system failure 
 
TGO growth 
he general outline of a thermal barrier 
coating system (TBC system) has been 
described above. In this part, the TGO 
formation and failure modes of the TBC system 
will be described in more detail.  
Many seemingly conflicting results regarding 
TGO growth can be found in the literature. This can 
be attributed to the fact that, according to 
Chattopadhyay and Wood [CHA-1970], scale 
formation is a complex process involving 
parameters such as oxygen solubility, oxygen 
diffusivity, reaction constants, solubility of 
elements and compounds, temperature, time and 
doping elements. To add to the complexity of the 
system, oxygen solubility and diffusivity are 
functions of temperature and composition of the 
parent compound [CHA-1970]. Further parameters 
influencing transport properties of thermally grown 
alumina are impurities, Ni-doping, oxygen partial 
pressure, alumina microstructure, stresses, grain 
boundaries [CHAU-1991] and porosity 
[KOF-1988, p. 3] as well as water content of the 
ambient atmosphere [SHE-1978] and morphology 
of the ZrO2 layer [KAR-2006].  
However, it is generally accepted that the TGO 
grows on top of the bond coat [EVA-2001]. This so 
called outward growth is facilitated by outward 
diffusion of Al3+ and inward diffusion of O2- 
[KOF-1988, p. 3, PIN-2006, GOL-1980]. During 
this growth, also electrons migrate outwards 
whereas positively charged holes migrate in the 
opposite direction [KOF-1988, p. 163, PIN-2006]. 
Al ions can diffuse through the bulk material or 
along grain boundaries. The latter is considered to 
be much faster and hence the dominant mechanism 
[PIN-2006]. Angenete and Stiller [ANG-2001] also 
discuss the Al ion transport along linear or planar 
defects. With increasing TGO thickness the Al flux 
gradually decreases and may result in TGO growth 
in the opposite direction, i.e. now inwards, 
compared to outward growth at earlier stages 
[EVA-2001, KAR-2006]. The processes of Al 
outward diffusion can be slowed down not only by 
the formation of an alumina layer itself but also by 
segregation of so called reactive elements at grain 
boundaries [KAR-2006]. Reactive elements like Y 
or Hf are added to the MCrAlY coating.  
 
TBC system failure 
According to an extensive review by Evans et al. 
[EVA-2001], the most important TBC system 
failure mechanisms depicted in Figure 2.2 are: (i) 
Spinel formation either between the TGO and the 
bond coat (BC) or between the TGO and the TBC, 
and local imperfections like (ii) undulations or (iii) 
thickness heterogeneities. Another possible failure 
mode is so called foreign object damage (FOD) that 
results in local TBC compressions which provoke 
local hot spots in the underlying bond coat 
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[EVA-2001]. Spinel formation is believed to be 
deleterious because of the “brittleness” of spinels 
[EVA-2001]. According to Evans et al. 
[EVA-2001], the TGO growth related failure is as 
follows: TGO growth leads to compressive stresses 
within the TGO layer. These compressive stresses 
lead to undulations which in turn result in tensile 
stresses normal to the BC plane. Another source for 
TGO failure are local imperfections which act as 
nucleation sites for cracks. Apart from acting as 
nucleation sites, growing imperfections also result 
in tensile stresses normal to the BC interface. TBC 
system failure is accelerated during thermal cycling 
conditions, under which the prevailing failure 
mechanism is the mismatch of the coefficient of 
thermal expansion (CTE-mismatch) between the 
TBC, BC and TGO. Hence, failure modes depend 
on the kind of BC (e.g. aluminide or MCrAlY 
coating), the kind of TBC application (APS or 
EB-PVP) and the area of turbine application. Aero 
engines with many start ups and shut downs have 
different failure modes than land based power 
generation turbines with rather long term service 
times. 
 
 
2.3  Alumina 
 
s current oxidation protection techniques 
are closely related to alumina, this 
section gives a closer introduction into 
its chemistry and structure. According to Misra 
[MIS-1986, p. 1 - 9], the term “alumina” embraces 
many different compounds, which can be divided 
into two main groups: (i) aluminum hydroxides and 
(ii) aluminum oxides. The first can be subdivided 
into two major crystalline kinds of hydroxides: 
trihydroxides (Al(OH)3) and oxide-hydroxides 
(AlOOH). Three different trihydroxides (gibbsite, 
bayerite and nordstrandite) and two 
oxide-hydroxides (boehmite and diaspore) have 
been identified. As a complement to these 
crystalline forms, Misra [MIS-1986, p. 9] mentions 
gelatinous aluminum hydroxides, which comprise 
A 
 
TBC 
BC 
substrate
TBC 
BC spinel 
substrate 
TGO 
TGO 
TBC 
BC 
substrate
TBC 
BC 
substrate
thickness 
heterogeneitiesundulations spinel related failures 
 
Figure 2.2. Failure mechanisms in thermal barrier coatings, after Evans et al. [EVA-2001]. 
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X-ray indifferent material and pseudo-boehmite. 
When temperature is increased, all above 
mentioned aluminum hydroxides, irrespective of 
either being crystalline or gelatinous, finally 
transform into alpha-Al2O3 [MIS-1986, p. 78]. 
During thermal evolution into alpha-Al2O3 various 
aluminum oxides (delta-, eta-, gamma-, kappa-, 
rho-, theta-, and chi-Al2O3), so called transition 
aluminas are formed. The above depicted schema 
(Figure 2.3) illustrates the different transformation 
routes. The illustrated uncertainties arise as 
“…transitional aluminas…are neither completely 
anhydrous nor crystallographically well defined.” 
[MIS-1986, p. 73]. Details regarding the structure 
of gibbsite, nordstrandite, bayerite and diaspore can 
be found in [MIS-1986] and [SAN-2000]. As 
gibbsite, nordstrandite, bayerite and diaspore were 
not used within the framework of this work, 
boehmite will be presented in more detail in the 
following. Boehmite is composed of oxygen 
octahedra which are arranged in parallel layers 
linked by hydrogen bonds [PIE-1986]. Boehmite 
can incorporate water molecules which results in 
the formation of pseudo-boehmite. While well 
crystallized boehmite contains 1.0 mole H2O per 
mole Al2O3 [MIS-1978, p. 79], pseudo-boehmite 
contains 1.4 up to 2 mole H2O per mole Al2O3 
[ASS-1988]. Well crystallized boehmite follows the 
above given transformation sequence: boehmite, 
gamma-, delta-, theta-, alpha-Al2O3 [MIS-1986, 
p. 78]. According to Misra [MIS-1986, p. 78], 
gelatinous material which comprises X-ray 
indifferent material and pseudo-boehmite 
transforms without the formation of delta-Al2O3. 
This is in line with the findings reported by Assih 
et al. [ASS-1988], Pierre and Uhlmann [PIE-1984] 
and Dynys et al. [DYN-1984]. In the above 
depicted schema the transformation of gelatinous 
material is not clearly described. As indicated by 
the question mark not only eta-Al2O3 but also 
gamma-Al2O3 is supposed to exist. According to a 
more recent schema from 1987 reprinted by Santos 
et al. in 2000 [SAN-2000], Wefers and Misra 
introduce two different possible transformation 
routes of gelatinous material. One following the 
sequence: gelatinous material, eta-, theta-, 
alpha-Al2O3. The other being identical to the usual 
transformation of well crystallized boehmite: 
gelatinous material, gamma-, delta-, theta-, 
alpha-Al2O3. The decisive factor, whether 
gelatinous material transforms via the formation of 
gamma-Al2O3 or via the formation of eta-Al2O3, 
can be seen in particle size. Boehmite particles 
form AlOOH polymers [SAN-2000]. If these fibrils 
are long enough, gamma-Al2O3 is formed during 
thermal evolution whereas short particles transform 
via eta-Al2O3 [SAN-2000].  
Eta- and gamma-Al2O3 are of particular interest 
for catalytic applications due to the presence of 
acidic sites [SOH-2001, ZHO-1991]. According to 
Zhou and Snyder [ZHO-1991], eta- and 
gamma-Al2O3 should be seen as deformed spinel 
type structures. These authors furthermore report 
that in gamma-Al2O3 aluminum has the following 
states of coordination: 43 % octahedral, 32 % 
tetrahedral and 25 % quasi-octahedral. Eta-Al2O3 
has a slightly different composition: 51 % 
octahedral, 36 % tetrahedral and 13 % 
Figure 2.3. Transformation schema of different transition 
aluminas, from Misra [MIS-1986, p. 78]. 
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quasi-trihedral. Both transition aluminas result in an 
almost identical XRD pattern [ZHO-1991]. 
Differentiating between eta- and gamma-Al2O3 is 
furthermore complicated as both aluminas may be 
present at the same time. Zhou and Snyder 
[ZHO-1991] interpreted the transformation from 
eta- and gamma-Al2O3 into theta-Al2O3 as a 
displacive process, involving aligning and merging 
of lamellae and diffusion of Al ions into 
“more-ordered” sites. These authors see the absence 
of a distinct endothermic or exothermic process 
during the transformation into theta-Al2O3 as 
corroboration of their interpretation.  
In contrast to the eta-/gamma-Al2O3 to 
theta-Al2O3 transition, formation of alpha-Al2O3 is 
a reconstructive process, driven by nucleation and 
growth [NOR-1998]. After nucleation of primary 
particles, alpha-Al2O3 grows in a vermicular pattern 
into the theta-Al2O3 matrix, resulting in a 
substantial coarsening of the microstructure and 
formation of large pores [DYN-1984]. 
 
 
 
2.4  Sol-gel synthesis and processing 
 
his work aimed at developing protective 
coatings using the sol-gel synthesis route. 
According to Brinker and Scherer 
[BRIN-1990, p. 2], a sol is a colloidal suspension of 
small solid particles having dimensions of roughly 
1 nm - 1000 nm, in a liquid. If a three dimensional 
network of the formerly dispersed colloidal 
particles is formed, the structure is called a gel 
[BRIN-1990, p. 8]. Removal of the liquid phase 
results in the formation of xerogels, which only 
consist of the solids structure. The sol-gel route 
offers advantages like the possibility to control 
important parameters such as phase composition, 
porosity, thermal expansion and thermal 
conductivity. Furthermore, thin layers with 
thicknesses below 0.1 µm can be applied on 
substrates at room temperature. In addition, the 
possible room temperature application of sol-gel 
coatings bears the potential to minimize 
compression tension while using the coated 
substrates at high temperatures. According to Evans 
et al. [EVA-2001], compression tensions are the 
first step in a chain of processes leading finally to 
tensile stress related failures of alumina layers on 
metal substrates [EVA-2001]. 
The major drawback of sol-gel synthesis is the 
formation of cracks in the applied layers upon 
thermal treatment [KOZ-2000]. Thus layer 
thickness is limited, if a one step process is used. 
Without the use of inert fillers, preparation of layers 
thicker than ~ 1 µm is very difficult [YAN-1997]. 
However, repeated coating cycles can lead to 
thicker coatings. 
Sol-gel synthesis is a complex process which 
necessitates the control of many parameters like 
kind of precursor, synthesis route, aging time of 
resulting sols, layer preparation technique, heat 
treatment regime, addition of binders and inert 
fillers. 
A constraint for possible sol applications is their 
tendency for rapid gelling. The dispersed particles 
show Brownian motion which results in frequent 
particle collisions. If attractive forces are greater 
than the repulsive forces, the dispersed particles 
aggregate. The primary source for attraction 
between particles are Van der Waals forces 
T 
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[SHI-2002, p. 5]. Repulsive forces arise from: (i) 
electrostatic stabilization, (ii) steric stabilization 
and (iii) depletion stabilization [LAG-1997, p. 15]. 
Electrostatic stabilization is caused by the 
formation of an electric double layer around 
charged colloidal particles. Steric- and depletion 
stabilization are related to the presence of 
polymeric particles. If polymers attach to particle 
surfaces, aggregation is prevented as approaching 
of polymer covered particles is hindered due to 
steric effects from the attached polymers. Depletion 
stabilization is caused by polymers which are not 
bound on particle surfaces. If dispersed particles are 
approaching each other, the polymer species are 
squeezed out of the space between the two 
particles. Out of thermodynamic reasons, other 
polymer molecules seek to reenter the gap between 
the approaching particles thus creating a repulsive 
force. According to Shi [SHI-2002, p. 7], the study 
of depletion stabilization is still in its initial stage.  
As mentioned above, destabilization thus 
flocculation of colloidal suspensions occurs, if 
attractive forces are bigger than repulsive forces. If 
colloidal suspensions contain polymers, not only 
stabilization but, depending on concentration, also 
destabilization can result from effects such as 
bridging or depletion flocculation. According to 
Tadros [TAD-1987, p. 261], bridging occurs, if the 
surface of colloidal particles is not completely 
covered with polymers, thus polymers already 
attached to other particles can anchor on such a site, 
resulting in the formation of agglomerates. In the 
case of non interacting polymers, stabilization and 
destabilization of colloidal suspensions is a 
complex process as pointed out by Tadros 
[TAD-1987, p. 268] and Shi [SHI-2002, p. 7]. 
Depending on the concentration of these non 
interacting species, either flocculation (depletion 
flocculation) or restabilization (depletion 
stabilization) of colloidal suspensions can result 
[TAD-1987, p. 268 - 269]. 
Different methods exist for preparing sols (ref. 
following section). The sols used in this work were 
prepared according to a schema first published by 
Clark et al. [CLA-1989]. To the best of my 
knowledge, the patent authors Clark et al. 
[CLA-1989] did not publish any further results 
regarding the chemical structure of sols obtained 
using their modified Yoldas procedure. As a 
detailed knowledge of sol and xerogel properties is 
vital for tailoring appropriate Al2O3-base oxidation 
barrier coatings, this work also aimed at 
investigating the phase composition of modified 
Yoldas sols and the thermal evolution of resulting 
xerogels. 
 
 
 
 
2.5  Alumina sols 
 
he first step in sol-gel processing is sol 
preparation. One way to obtain alumina 
sols is the redispersion of commercially 
available boehmite powders. Another method has 
been described by Yoldas [YOL-1975]. In the so 
called Yoldas procedure boehmite sols are prepared 
by hydrolyzing aluminum-sec-butoxide (ASB) in 
an excess of water at 75 °C, followed by 
peptization with nitric acid. Furthermore, alumina 
sols can be prepared by the addition of a base to an 
aluminum salt solution (e.g. AlCl3•6H2O or 
Al(NO3)3•9H2O). Different Al species have been 
detected in alumina sols prepared via hydrolysis of 
aluminum compounds. The two monomeric forms 
T 
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[Al(H2O)6]
3+ and [Al(OH)4]¯ as well as the Al13 
Keggin type polycation [Al12(AlO4)(OH)24(H2O)12]
7+ 
have been identified in their solid state via XRD 
[ALL-2000]. The Al13 polycation is a sphere with 
1 nm diameter [NAZ-1988]. Apart from these three 
forms, the existence of many more Al species is 
debated in the literature which will be illustrated in 
the following. Brinker and Scherer [BRIN-1990, p. 
60-61] mention the dimeric and trimeric species 
[Al2(OH)2(OH2)4]
4+ and [Al3(OH)4(OH2)9]
5+. Bi et 
al. [BI-2004] give the following formulas for these 
di- and trimeric Al species: [Al2(OH)2(H2O)8]
4+ and 
[Al3(OH)4(H2O)10]
5+. In addition, five isomers 
(α, β, γ, δ, ε) of the Al13 Keggin type polycation 
have been identified [POP-1983, ALL-2000]. 
Thermal treatment of sols containing ε-Al13 
polycations results in the formation of even bigger 
aggregates, e.g. the Al30 polycation [ALL-2000, 
PHI-2003]. The mechanisms resulting in the 
formation of higher polymerized Al species were 
reviewed by [BI-2004] et al. who discuss even 
higher polymerized Al species such as 
[Al54(OH)144]
18+. According to Fu et al. [FU-1991], 
Al13 transforms into Al30 via several intermediate 
stages. Allouche and Taulelle [ALL-2003] 
described this transformation as the reaction of a 
monomer with an Al13 polycation. Two of these so 
called capped Al14 species together with two 
monomers form one Al30 polycation. Allouche and 
Taulelle [ALL-2003] also found that increased 
temperature accelerates the transformation from 
Al13 to Al30, which takes place within 6 - 24 months 
at room temperature.  
A way to detect and identify these different 
species in alumina sols is the use of 27Al nuclear 
magnetic resonance (NMR). The above described 
different species of Al can be identified using 
characteristic chemical shifts given as δ(27Al) in 
ppm. Table 2.1 shows which resonance corresponds 
to which Al species. Aluminum can be present in 
different coordination states, which are assigned to 
distinct regions in the 27Al NMR spectra. Nazar and 
Klein [NAZ-1988] name the following coordination 
states: octahedral ranging from 0 ppm - 10 ppm, 
pentacoordinate (solid state) at 30 ppm and 
tetrahedral 40 ppm - 80 ppm.  
Much work has been done to study the above 
mentioned different Al species. Figure 2.4 has been 
Figure 2.4. Distribution diagram of aluminum hydrolysis 
products at 25 °C as a function of pH value, from Wang and 
Muhammed [WAN-1999]. 
 
Figure 2.5. Base titration curve for NaOH solution into 
aluminum chloride solution (titration rate = 0.8 ml/min, 
AlCl3 = 5 . 10-3 M, ionic strength I = 2 . 10-2 M, 
NaOH = 0.01 M), from Bi et al. [Bi-2004]. 
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reported by Wang and Muhammed [WAN-1999] 
who calculated the theoretical fraction of the above 
mentioned monomeric and polymeric species 
depending on pH. If pH is below ~ 4.0, only the 
monomeric species [Al(H2O)6]
3+ exists 
[WAN-1999, FU-1991, BRIN-1990, p. 60]. 
According to Wang and Muhammed [WAN-1999], 
above pH ~ 9.5 only [Al(OH)4]¯ is expected to be 
present. If pH is between these two values, namely 
pH ~ 9.5 and pH ~ 4.0, the polymeric Al13 
polycation exists [WAN-1999]. These findings are 
in good agreement with the base titration curve 
(Figure 2.5) presented in a review by Bi et al. 
[Bi-2004]. In region “I” the major constituent is 
reported to be the monomeric [Al(H2O)6]
3+. Region 
“I” is assigned to an OH/Al molar ratio beneath 
~ 0.2 which results in pH < ~ 4.0. According to Bi 
et al. [BI-2004], Al13 polycations are present in 
region “III” were pH lies between ~ 4.5 and ~ 9.5. 
These values are almost identical to the numbers 
presented in [WAN-1999] mentioned above. Bi et 
al. [BI-2004] also reported that OH/Al molar ratios 
above 3 thus pH values above ~ 9.5 led to gelation. 
This is in good agreement with results reported by 
 coordination name of Al species δ(27Al) in ppm reference 
       
  Almonomer  0  [FU-1991, PHI-2003, 
ALL-2003, NAZ-1988] 
  Aldimer   0.77  [PER-2001] 
  Aldimer and/or trimer  ~ 4.3  [PER-2001] 
  Aloligomer  ~ 4  [FU-1991] 
  Alpoorly polymerized  2.8 - 5.0  [MAS-1994] 
  Alboehmite-like  7.8  [NAZ-1990] 
    ~ 7  [NOF-2006] 
  Alhighly polymerized   10 - 12  [NOF-2006] 
  Alpolymerized  12.5  [BER-1986] 
    ~ 10   [MAS-1994] 
  Al13  11  [ALL-2003] 
    11.8  [FU-1991] 
  Al30  10  [ALL-2000] 
 
oc
ta
he
dr
al
 
   ~ 16  [ALL-2003] 
   
Al13 
  
62.9 
  
[FU-1991] 
    63  [PHI-2003,[ALL-2003] 
     62.5  [SCH-1981] 
  
te
tra
he
dr
al
 
 Al30  70  [ALL-2000, ALL-2003] 
 
Table 2.1. Chemical shifts of different aluminum compounds.  
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Bottero et al. [BOT-1987]. They found that if 
alumina sols are formed via addition of a base to 
aluminum salt solution at OH/Al = 3, a precipitate 
occurs, which these authors then identified as 
bayerite (Al(OH)3). It should be noted that 
according to the calculations from Wang and 
Muhammed [WAN-1999] [Al(OH)4]¯ should be 
present, if pH exceeds pH = 9.0. However, these 
authors argue that the expected formation of the 
trihydroxide bayerite (Al(OH)3) is slow, thus for a 
certain time [Al(OH)4]¯ should be present.  
According to Fu et al. [FU-1991], the 
mechanism leading to the formation of bayerite is 
as follows. Monomeric species dissociate from Al13 
polycations “...onto the crystallite seeds present in 
the solution.” [FU-1991]. The assumption of Al13 
polycations being a precursor for bayerite has been 
renewed by Wang et al. [WAN-2003]. Apart from 
bayerite (Al(OH)3), the two additional trihydroxide 
polymorphs gibbsite and nordstrandite exist, which 
differ in their stacking sequence of the Al(OH)3 
layers [WAN-2003], whereas gibbsite is the most 
thermodynamically stable version [WAN-2003].  
Aluminum can also be bound in the 
monohydroxide form such as boehmite (γ-AlOOH). 
As was mentioned by Fu et al. [FU-1991], 
boehmite is formed, if alumina sols are aged at 
elevated temperatures (85 °C). A similar result has 
been reported earlier by Dynys et al. [DYN-1984] 
who followed Yoldas procedure and found that 
gelling at “…room temperature…” yielded bayerite 
whereas gelling at 85 °C led to pseudo-boehmite, 
which is a variation of boehmite, containing more 
OH groups than well crystallized boehmite 
[ASS-1988]. 
As was mentioned above, very high pH values 
lead to gelation. However, gelation not only occurs 
when increasing pH value above a certain limit, but 
also when lowering pH value below a critical value. 
Pierre and Uhlmann [PIE-1984] followed Yoldas 
procedure and found that a molar ratio of 
HNO3/Al = 1.12 lead to immediate gelation, 
whereas sols with higher pH values, i.e. 
HNO3/Al = 0.07 were more stable. This is 
consistent with Nazar et al. [NAZ-1990] who 
mention that viscosity of sols prepared according to 
Yoldas procedure increases when acid content, i.e. 
HNO3/Al molar ratio, rises.  
Apart from pH, further factors have an influence 
on sol composition as was noted by Brinker and 
Scherer [BRIN-1990] who give a good introduction 
into the complexity of alumina chemistry. They 
point out that the reaction product structure 
“...critically depends on temperature, rate of 
precipitation, final pH, ionic composition, 
concentrations of starting solutions, and time of 
aging.“ [BRIN-1990, p. 63 - 64]. This sensitivity 
regarding synthesis conditions is reflected in 
“...many seemingly inconsistent and even 
paradoxical literature reports...” [BI-2004].  
The influence of temperature on the composition 
of Yoldas sols is demonstrated by Nazar and Klein 
[NAZ-1988]. Sols prepared by these authors 
contained monomeric species only, if the 
precipitate which was subsequently redispersed 
with HNO3 at 90 °C (molar ratio ranged between 
0.07 ≤ HNO3/ASB ≤ 1.0) was obtained by 
hydrolysis of ASB at 90 °C. Reducing synthesis 
temperature to 20 °C resulted in sols which not only 
contained monomeric species but also the Al13 
polycation. Aging of sols at 90 °C initially 
containing Al13 species resulted in the well known 
formation of Al30. High-temperature sols which 
were synthesized according to Yoldas procedure 
showed no change in their Al speciation upon 
heating. These findings illustrate the difference 
between Yoldas procedure and the sol preparation 
via base addition into aluminum salt solutions. Wang 
et al. [WAN-2003] prepared sols via addition of 
0.1 M NaOH to Al(ClO4)•9H2O solution at 25 °C 
 13
and 70 °C in the range from 0.5 ≤ OH/Al ≤ 2.6. 
Whether Al13 polycations were detectable or not was 
independent of synthesis temperature, but only 
depended on OH/Al molar ratio. Thus Wang et al. 
[WAN-2003] concluded that “…the influence of 
temperature during synthesis is mainly on the 
relative quantity but not the nature of various Al 
species.” However, aging behavior was markedly 
effected by synthesis temperature. While sols having 
been synthesized at 25 °C showed increased 
turbidity and formation of gibbsite precipitates 
already after 30 days of aging, no significant change 
was observed in sols which were prepared at 70 °C. 
Wang et al. [WAN-2003] furthermore found, that 
Al13 concentration did not influence the formation of 
gibbsite precipitate.  
The influence of the type of acid used had already 
been demonstrated by Yoldas [YOL-1975] and was 
further illustrated by a work from Assih et al. 
[ASS-1988]. These authors also followed Yoldas 
procedure, but unlike Nazar and Klein [NAZ-1988] 
their sols contained Al13 species when synthesis was 
carried out at 80 °C. The reason for the seemingly 
contradictory results may be the use of HCl by Assih 
et al. [ASS-1988] as peptizing agent instead of 
HNO3 as by Nazar and Klein [NAZ-1988].  
The major draw back of sols prepared via 
Yoldas’s procedure is the low stability of the 
resulting sols. Pierre and Uhlmann [PIE-1984] 
followed Yoldas procedure and found that gelling 
time increased from 10 to 22 days when increasing 
the HNO3/ASB molar ratio from 0.035 to 1.12. 
Furthermore, solids loading of Yoldas sols is 
comparatively small. The standard Yoldas 
procedure aims at sols having a molar ratio of 
H2O/Al = 100 which equals an Al2O3 
concentration of ~ 3 wt%. 
Sols prepared from commercially available 
redispersible aluminas like Disperal also show 
gelling times in the range of hours to months 
[SOJ-2005]. The gelling time of each different 
Disperal-sol depends on Al2O3 content, 
concentration of peptizing agent (e.g. nitric acid) 
and particle size [SOJ-2005].  
Clark et al. [CLA-1989] obtained sols from a 
similar procedure like the one established by 
Yoldas. Instead of adding nitric acid in a 
subsequent step, these authors hydrolyzed ASB in 
a watery aluminum nitrate (Al(NO3)3•9H2O) 
solution. Clark et al. [CLA-1989] claimed that 
their synthesis route shortens synthesis time from 
48 h to 5 h. Furthermore, these authors stated that 
modified Yoldas sols have smaller particles and 
higher solids content as conventional Yoldas sols. 
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3. METHODS 
 
3.1  Sol preparation and characterization 
 
Modified Yoldas Procedure 
 commonly used method to obtain 
alumina sols is a procedure described by 
B. E. Yoldas [YOL-1975]. As reported 
in [YOL-1975], an alkoxide is hydrolyzed in excess 
of water at 75 °C. The resulting precipitate is then 
peptized with nitric acid. In this work, a modified 
Yoldas procedure was applied. Instead of using 
nitric acid in a subsequent step, hydrolysis was 
carried out in aqueous aluminum nitrate 
(Al(NO3)3•9H2O) solution. This method, which will 
from here on be referred to as modified Yoldas 
procedure, was introduced by Clark et al. 
[CLA-1989]. In the present work, alumina sols 
were prepared using diluted aluminum 
tri-sec-butoxide (abbr. ASB, 75 wt% ASB in 
sec-butoxide, Aldrich), which was weighed in a 
beaker and poured in one step into aqueous 
aluminum nitrate (Al(NO3)3•9H2O, puriss p.a., 
Merck) solution at 85 °C. While stirred vigorously, 
the solutions were kept at 85 °C for about 45 min. 
One important parameter characterizing a sol is the 
molar nitrate/aluminum ratio (n(NO 3¯ )/n(Al)), 
which will be abbreviated with NO 3¯ /Al in the 
following. If sols with low NO 3¯ /Al molar ratios 
were synthesized, e.g. (NO 3¯ /Al = 0.6), a separate 
sec-butoxide phase formed on top of the sol. After 
cooling down to room temperature the sec-butoxide 
was removed with a pipette. As it was impossible to 
remove all sec-butoxide with this method, the sols 
were again heated to 85 °C and left at this 
temperature for at least 1 h. To obtain sols with 
higher solids content, prolonged dwell times at 
85 °C were necessary. It should be noted that some 
highly concentrated sols could only be prepared via 
such an evaporation route. The reason being the 
formation of precipitates when too much ASB was 
added to the hot aluminum nitrate solution in one 
step.  
No separate sec-butoxide phase was observed 
when preparing sols with much higher molar ratios 
than NO 3¯ /Al = 0.6 (i.e. NO 3¯ /Al = 2.2). To 
guarantee the same water and sec-butoxide 
evaporation regimes as for sols with NO 3¯ /Al = 0.6, 
sec-butoxide (Merck) was added to the hot sols 
with NO 3¯ /Al = 2.2 during synthesis. In this case, 
the same sec-butoxide removal procedure as 
described above for sols with NO 3¯ /Al = 0.6 was 
then applied.  
The following nomenclature for naming sols is 
used in this work. The three major parameters 
characterizing a sol are: nitrate content (NO 3¯ /Al 
molar ratio), solids loading (c(Al2O3)) and pH 
value. Thus sols are named:  
 
s - NO 3¯ /Al - c(Al2O3) - pH. 
 
For instance, a sol having a molar ratio of 
NO 3¯ /Al = 0.6, a solids content of 10.0 wt% and a 
pH value of 3.4 would be named s-0.6-10.0-3.4. 
Some sols were doped with Fe and Cu, which was 
done by adding the corresponding nitrates 
(Cu(NO3)2•3H2O, Fe(NO3)3•9H2O) to the initial 
aluminum nitrate prior to adding water and ASB.  
 
A 
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Addition of binders and corundum 
suspension 
 
Pure modified Yoldas sols exhibited low viscosity 
values which result in very thin layers. 
Furthermore, some sols showed a poor wettability. 
In order to increase viscosity thus increase layer 
thickness and improve wettability, a binder (PVP) 
was added to modified Yoldas sols. PVP can 
furthermore help to prevent crack formation or 
spallations. Chen and Wei [CHEN-2001] argued 
that additives like PVP may slow down 
condensation reaction in sols and thus enable 
relaxation of tensions.  
In this work polyvinylpyrrolidon (abbr. PVP, 
Mw = 360,000 g/mol, K90, Fluka) was used as a 
binder. PVP was added as a watery solution 
containing 15.0 wt% PVP. PVP, used for instance 
as tablet binder in pharmaceuticals, ink jet printing 
additive, hair spray component and adhesive 
[BLU-2004], is a non toxic, well known nonionic 
binder with Newtonian flow characteristics over a 
wide range of concentration. Several authors 
[LAK-1999, KOZ-2000] reported about improved 
layer quality and a resulting reduced number of 
defects or increased layer thickness, when PVP was 
used as a binder in their sols. Carrado and Xu 
[CAR-1999] prepared mesoporous silicates. These 
authors found that using PVP with different 
molecular weights has only little effect on pore 
radius and total surface area. PVP with a molecular 
weight of Mw = 10,000 g/mol resulted in a pore 
radius of ~ 20 Å, while PVP with a molecular 
weight of Mw = 1,300,000 g/mol caused a pore 
radius of ~ 45 Å. Furthermore, PVP can be used as 
a dispersant as it causes steric stabilization between 
particles in suspensions [YAN-1997]. This is 
remarkable as sols prepared in this work were not 
only mixed with PVP but also with corundum 
suspension. When using pure sols, increasing layer 
thickness is hindered by the occurrence of cracks 
and spallations, which are caused by tensions 
resulting from shrinkages during heat treatment. 
Shrinkages are caused by loss of water, 
devolatilization and phase transformation. If inert 
particles like, for example, nano-scale corundum 
are introduced, the solids loading of resulting 
mixtures can be increased. Hence, layer thickness 
is increased as well without increasing the risk of 
cracks or spallations [TRO-1999, SHA-1995, 
YAN-1997]. According to Shaw and Abbaschian 
[SHA-1995] the Al2O3 originating from the sol 
acts as a binder between the inert corundum 
particles.  
In this work, nano-scale corundum was 
introduced as corundum suspension prepared by 
R. Sojref (BAM V.4, Berlin, Germany). 
Corundum used  (CT 3000 SG, Alcoa) had particle 
sizes of d50 = 0.7 µm and d90 = 2.0 µm. According 
to the supplier’s data sheet CT 3000 SG contains 
99.85 % Al2O3, whereas Na2O, Fe2O3, SiO2 and 
CaO were below 0.1 %. Surface area was given 
with 7 m2/g. Corundum suspensions were prepared 
via milling in an attritor at a pH of ~ 3.5. 
According to Sojref [SOJ-2003], one important 
parameter defining a sol-suspension mixture is the 
ratio between alumina being introduced by the sol 
and the suspension, i.e. the so called 
alumina-from-sol (A) per 
corundum-from-suspension (C) (A/C) ratio (Equ. 
3.1). A stands for the total amount of Al2O3 
obtainable from a modified Yoldas sol. C equals 
the total amount of Al2O3 introduced by the 
corundum suspension.  
In analogy to A and C, one can define XA and 
XC. XA is the ratio between Al2O3 introduced by 
the modified Yoldas sol and resulting mass of a 
sol-suspension mixture (Equ. 3.2). XC equals the 
amount of Al2O3 originating from corundum 
suspension per total mass (Equ. 3.3). It can easily 
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be seen that the ratio XA/XC equals A/C. Besides, 
addition of XA and XC yields the resulting Al2O3 
content of a sol-suspension mixture (Equ. 3.4). 
When preparing a sol-suspension mixture, the 
question, in how far the sol content can be reduced 
arises. If one assumes the sol particles to be 
aggregated around the corundum particles, one may 
ask to what extend the sol concentration can be 
reduced without rendering the corundum particles 
to be covered only by a negligible sol cover. Figure 
3.1 illustrates the model of Al2O3 originating from 
modified Yoldas sols to accumulate around 
corundum particles in a concentric shell. Depending 
on the A/C mixing ratio, density of corundum 
particles (ρC) and density of Al2O3 originating from 
the modified Yoldas sols (ρA) one could calculate a 
theoretical thickness ratio dA/dC using the following 
equation (Equ. 3.5, see appendix for deduction 
details).  
Figure 3.2 shows the results of the above given 
equation assuming the density ratio ρC /  ρA  = 1.3. 
As can be seen, even at very low A/C ratios of 0.01 
the thickness dA still amounts to 12 % of the 
thickness dC of the corundum particles. As a result 
A/C ratios in the range of 0.01 ≤ A/C ≤ 3 were 
investigated. A ratio of A/C = 3 implies that per 
mole Al2O3 originating from a corundum 
suspension three moles Al2O3 from a modified 
Yoldas sol were added. Thus, such a mixture 
contains comparatively few corundum suspension. 
If the A/C ratio is reduced, the resulting mixtures 
contain less Al2O3 from modified Yoldas sols. As a 
result, these mixtures rather have the character of a 
corundum suspension with some added modified 
Yoldas sol. The extreme case being a ratio of 
A/C = 0.01. In such a sample only one mole Al2O3 
originating from a modified Yoldas sol is added to 
100 mole of Al2O3 from corundum suspension.  
When mixing sols with corundum suspension, 
one can use different starting solids loadings of 
both modified Yoldas sol and corundum 
suspension. It should be noted that values given in 
this work for solid loading always refer to wt% 
unless stated otherwise. The following nomen-
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clature will be used in this work:  
 
Solids loading of the sol / solids loading of the 
corundum suspension. 
 
When, for instance, mixing a sol having a solids 
loading of 17.0 wt% with a corundum suspension 
showing a solids loading of 20.0 wt%, the mixture 
will be abbreviated with 17/20.  
Preparation of sol-suspension mixtures was 
carried out at room temperature. The appropriate 
amounts of modified Yoldas sol and corundum 
suspension were mixed, before PVP solution was 
added. After weighing the desired amounts of 
modified Yoldas sol, corundum suspension and 
PVP solution, the mixture was shaken by hand for 
less than a minute in order to homogenize. No 
ultrasonic agitation was used. 
 
Solids content and pH value 
As described above, the desired amount of ASB for 
sol synthesis was weighed. Some of the ASB 
adhered to the walls of the glass beaker and as the 
remaining ASB residue varied from synthesis to 
synthesis, the solids content, expressed as c(Al2O3) 
in wt%, was determined for each sol in the 
following way. A defined amount of sol was dried 
at 120 °C in ambient air. The resulting xerogel was 
then thermally analyzed up to a maximum 
temperature of 1250 °C in a thermobalance 
(TAG-DTA-24-16, Setaram). As a result, the Al2O3 
content could be determined with an error smaller 
than if only the masses of all chemicals introduced 
were used. The so determined Al2O3 content was 
used to calculate the molar ratio NO 3¯ /Al. It should 
be noted that, freshly prepared modified Yoldas 
sols do not contain Al2O3 species, but that Al2O3 
species are a product of heat treatment induced 
chemical reactions. Thus, labeling a sol with a 
certain solids content expressed in c(Al2O3) only 
tells how much Al2O3 one could obtain from such a 
sol. Acidity was measured with a pH electrode (HI 
1280, Hanna Instruments) immediately after 
synthesis or at designated aging periods with an 
accuracy of 0.1. 
 
Rheology 
A rheometer (RS300, Haake) with a cone-plate 
detector head was used for rheological 
measurements. Figure 3.3 illustrates the increase in 
Figure 3.2. Ratio between thickness of a layer of alumina re-
sulting from a modified Yoldas sol (dA) and thickness of a co-
vered corundum particle (dC), as a function of A/C mixing 
ratio. 
 
 
 
 
 
 
Figure 3.1. Corundum particle covered with a layer of alumina 
resulting from a modified Yoldas sol (schematic drawing). 
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shear rate while running the rheometer in controlled 
rate (CR) mode as recommended by the instrument 
supplier to increase accuracy. The size of the gap 
between cone and plate was set to 0.06 mm. 
According to the instrument supplier rheological 
measurements yield results with a precision of 
± 5 %. A thermostat (Haake) was used to keep the 
temperature of the cone, plate and the sample 
between them at 20 °C ± 1 °C. When the highest 
shear rate (2500 s-1) was reached the measurement 
was aborted. If not otherwise stated the above 
described parameters apply for all viscosity results 
presented in this work. However, coating relevant 
samples were analyzed with an additional shear rate 
regime in order to check for possible thixotropy 
effects. In contrast to the stepwise increase in shear 
rate depicted in Figure 3.3 shear rate was increased 
linear up to 2500 s-1 (500 s-1) within 60 s (12 s). The 
sample was subsequently analyzed at this shear rate 
for 30 s. Shear rate was then reduced to zero within 
60 s (12 s). As no thixotropy effect was detected in 
coating relevant sols and sol-suspension mixtures 
no further study regarding thixotropy effects on 
other sols and sol-suspension mixtures was carried 
out.  
If determining flow characteristics of sols and 
suspensions false viscosity readings might be 
generated due to the wall slip effect. No hints 
pointing towards the presence of wall slip effects 
such as a sudden decrease in the recorded shear 
stress curve [SCH-2002] were found. The absence 
of wall slip effects is in good accord with Soltani 
and Yilmazer [SOL-1999] who investigated the 
rheologic behavior of Al2O3 suspensions. These 
authors did not detect wall slip effects in 
suspensions having particles with a diameter of 
5 µm and solids loadings ranging between 30 vol% 
and 50 vol%.  
 
Particle size analysis 
Particle size of sols was determined using two 
techniques. One was photon correlation 
spectroscopy (abbr. PCS, Zeta Sizer 3, Malvern) 
with a λ = 532 nm laser (200 mW, Adlas). A 
refractive index of boehmite (n = 1.65) and no 
absorption of the scattering particles was assumed. 
Measurements were carried out at 25 °C. PCS 
results are given as mean intensity weighted 
particle diameter (Zave). The principal idea behind 
PCS particle size analysis are measurements of 
intensity changes of scattered light as a function of 
time. As this intensity change is highly depending 
upon particle size, one can calculate the 
dimensions of scattering particles. The 
mathematical model which is used for the 
calculation of particle sizes is based on the 
assumption that no multiple scattering takes place. 
Thus, samples analyzed with PCS have to be 
diluted sufficiently. This causes a well known 
problem. As dilution of a sample may change the 
electrolyte content and the pH value, agglomerates 
can form due to changes in particle surface charge 
[UNG-1998]. To check whether a shift in pH 
results in different measured particle sizes, dilution 
experiments were carried out with different 
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Figure 3.3. Shear rate regime used during measurements, from 
Dressler et al. [DRE-2006]. 
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diluents (water and nitric acid).i According to 
Schmidt [SCH-1994], the scattering intensity of 
light used in PCS is proportional to the 6th power of 
particle diameter. Thus, a single particle having 
much bigger dimensions than the majority of the 
particles being present in a sample could produce a 
very intense false signal. 
As not all sols scattered a sufficient amount of 
light and PCS could therefore not be applied, an 
acoustic spectrometer (abbr. AS, DT1200, 
Dispersion Technology) was used as another 
method for particle size analysis. AS experiments 
were carried out by M. Gemeinert (BAM V.4, 
Berlin, Germany). Measurements can be done on 
undiluted samples in the frequency range 
3 MHz - 100 MHz. Acoustic spectrometry is less 
sensitive to contaminations than PCS.  
 
UV-vis transparency 
Transparency of the sols was measured with an 
UV-vis spectrometer (UV-3101PC, Shimadzu) with 
distilled water as reference sample at room 
temperature. The scanned wavelength ranged 
between 200 nm and 800 nm. Semi micro cuvettes 
(Plastibrand) with dimensions of 
12.5 mm x 12.5 mm x 45 mm were used.  
 
27Al NMR spectroscopy 
27Al NMR spectra were obtained by W. Altenburg 
(BAM I.3, Berlin, Germany) at a frequency of 
104.2 MHz using a NMR spectrometer (DMX400, 
Bruker Biospin GmbH, Rheinstetten, Germany). 
Chemical shifts are given relative to the 27Al NMR 
signal of a 0.1 M Al(NO3)3 solution. Further 
experimental details were published previously in 
[NOF-2006].
 
 
3.2  Xerogel preparation and characterization 
 
Xerogel preparation 
 defined amount of a sol was put into an 
aluminum dish (Alcan). After 
transferring the sol into a xerogel on a 
sand bath at ~ 80 °C, an additional drying step at 
120 °C was carried out. The resulting xerogel 
fragments were lightly crushed in an agate mortar 
and stored in tightly sealed containers in a 
desiccator. It was found that xerogels originating 
from sols having molar ratios of NO 3¯ /Al ≥ 1.5 
were very hygroscopic. Even when stored in tightly 
sealed containers, these samples incorporated water 
from the ambient atmosphere.  
Parameters characterizing xerogels are heat 
treatment temperature (T), nitrate content of parent 
sol (NO 3¯ /Al), solids content (c(Al2O3) in wt%) and 
pH value of parent sol. In analogy to the 
nomenclature used for sols, xerogel samples are 
labeled according to the following schema: 
 
xT - NO 3¯ /Al - c(Al2O3) - pH. 
 
For instance, a xerogel heat treated at 120 °C 
originating from a sol having a molar ratio of 
NO 3¯ /Al = 0.6, a solids content of 10.0 wt% and a 
pH value of 3.4 would be named, 
x120-0.6-10.0-3.4. 
 
DTA/TG analysis with coupled MS 
Thermal gravimetric analysis (TG) and differential 
thermal analysis (DTA) were carried out by S. 
Reinsch (BAM V.4, Berlin, Germany). Thermal 
gravimetric analyses and differential thermal 
A 
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analyses were simultaneously recorded by a 
thermobalance (TAG-DTA-24-16, Setaram) with 
1600 °C equipment. The test material (initial mass 
~ 25 mg) was placed in an open Pt-crucible (100 µl). 
Samples were measured at a heating rate of 5 K/min 
in an argon plus air flow. The mass spectrometer 
(Quadstar 421, Balzers) for simultaneous analysis of 
evolved gases was coupled by a heated (120 °C) 
quartz glass capillary. Measurements were 
performed in MID modus.  
 
27Al MAS NMR spectroscopy 
27Al MAS NMR spectra were recorded by J. Pauli 
(BAM I.5, Berlin, Germany), F. Malz (BAM I.3, 
Berlin, Germany) and W. Altenburg (BAM I.3, 
Berlin, Germany). Spectra were acquired using an 
NMR spectrometer (14.1 T, Avance 600, Bruker 
BioSpin GmbH, Rheinstetten, Germany) with a 
4 mm triple-resonance probe. The 27Al MAS NMR 
spectra of xerogels were obtained at 14.1 T (Larmor 
frequency of 156.3 MHz). Magic angle sample 
spinning (MAS) was applied using 4 mm zirconia 
rotors with a MAS spinning frequency of 13.5 kHz. 
Spectra were acquired using 11° pulse (1 µs, 8 dB), a 
preacquisition delay of 6 µs, an acquisition time of 
6 ms at a spectral width of 100,000 Hz, a relaxation 
delay of 20 s and a total of 64 scans. All MAS 
experiments were carried out at room temperature.  
 
XRD 
XRD measurements were performed by G. Scholz 
(Humboldt-University, Berlin, Germany) on a 
diffractometer (FPM7, Seiffert, Freiberg, Germany) 
with Cu-Kα radiation. Phases were identified by 
comparison with the ICSD powder diffraction file. 
 
Vertical dilatometer measurements 
Vertical dilatometer measurements were carried out 
by R. Schadrack (BAM V.4, Berlin, Germany) in a 
regularly calibrated, home built apparatus. The 
samples were heated with 10 K/min up to 1450 °C in 
air. Dilatometer samples had the shape of round 
tablets with a diameter of 8 mm and ~ 5 mm height. 
Tablets were obtained with a hand press (pressure 
~ 16 MPa). Before preparing the tablets, the xerogels 
were mixed with acrylate (AC) and 
polyethyleneoxide (POE). The final concentration of 
AC and POE amounted to 0.5 wt% AC and 10 wt% 
POE based on Al2O3 content. After aging for 24 h at 
room temperature, the mixture was then dried at 
120 °C in ambient air, again crushed in an agate 
mortar and sieved through a 250 µm sieve. ~ 0.3 g of 
the material which passed through the sieve was 
used for producing a tablet.  
 
Relative density 
A measure for porosity is relative density, which 
equals the ratio between apparent density and density 
of a corundum single crystal, which is 3.99 g/cm3 
[PET-1976]. Relative density was estimated 
according to the following schema: The tablet 
shaped samples were weighed after dilatometric 
analysis. Furthermore, their volume was calculated 
using their diameter and height. It should be noted 
that this procedure can only give an estimate for the 
actual porosity for the following reasons. Firstly, 
tablets used were not ideally cylindrically in shape. 
Secondly: chipping of tablet edges was almost 
inevitable even though great care was applied during 
manipulation.  
The xerogels were intended as model substances 
which allow the investigation of thermal evolution 
taking place in thin layers applied with modified 
Yoldas sols. Probably porosity values determined on 
these xerogel samples are underestimations, as the 
green density of the material pressed into the shape 
of tablets is supposedly much lower than the green 
density of the material deposited as a thin layer. 
Nevertheless, relative comparisons in porosity 
between different samples were possible.wwwww 
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3.3 Coating preparation and characterization 
 
Spin coating 
pin coating is a commonly used layer 
deposition method. The coating medium is 
applied onto a rotating substrate. The 
following schematic picture (Figure 3.4) illustrates 
the four stages of the spin coating procedure. As a 
result of centrifugal force, the applied medium is 
homogenously distributed over the whole substrate 
surface. After evaporation of the solvent, a uniform 
film is achieved. Film thickness can be changed by 
varying rotational speed and viscosity. The higher 
the rotational speed and the lower the viscosity and 
solids content of the applied medium the lower the 
film thickness [BRI-1992, NIT-1999]. Increased 
coating solution density also leads to thinner layers 
[MEY-1978]. The shear rate exerted onto a 
deposited layer increases with increasing distance 
from the middle of a rotating substrate. Only if 
viscosity of a coating medium exhibits Newtonian 
flow characteristics, thus if viscosity is independent 
of shear rate, a uniform radial film thickness can be 
achieved. If viscosity is depending on shear rate, as, 
for example, in a medium with structural viscosity 
behavior, thickness variations occur. The influence 
of structural viscosity, thus the trend towards lower 
viscosity values with increasing shear rate, was 
investigated by Britten and Thomas [BRI-1992] 
and Nitta et al. [NIT-1999]. These authors reported 
that layer thickness decreased with increasing 
distance from the substrate center. However, in 
both above mentioned references the authors found 
that this is not a large effect.  
Coating results can be greatly influenced by 
impurities. Dust particles either in the coating 
medium or on the substrate can result in flaws as 
shown by Birnie [BIR] in Figure 3.5.a. The wavy 
structure shown in Figure 3.5.b was caused by local 
solvent evaporation rate differences which result in 
changes of surface tension [HAS-2002]. In most 
spin coating apparatus the substrate is fixed via 
generating a vacuum underneath the rotating 
substrate. The generation of a vacuum can produce 
air currents on the bottom side of the rotating 
substrate as air is sucked in by the vacuum pump. 
These air currents locally cool down the substrate 
which can cause thickness variations called “chuck 
marks” (Figure 3.5.c) as solvent evaporation rate 
may depend on temperature [BIR]. 
In this work, a home built spin coater was used. 
As described above, substrates were fixed by the 
force resulting from a pressure difference generated 
with a vacuum pump. After applying the coating 
medium, the substrate was spun for 30 s. Very 
viscous (η > ~ 20 mPas) coating solutions were 
applied onto the still substrate and spun off in a 
subsequent step.  
 
Pretreatment of substrates 
Before coating metal substrates, soda lime glass as 
well as corundum substrates were coated. Metal 
and soda lime glass substrates were subject to 
extensive cleaning as sufficient wettability is a 
S 
Figure 3.4. Schematic stages of spin coating, after Brinker 
and Scherer [BRIN-1990, p. 796]. 
coating  
media dω/dt ≠ 0
ω = const. ω = const.
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necessary prerequisite for good coating results. 
Cleaning was carried out with a soft sponge under 
flowing tap water. Best coating results were 
achieved when a uniformly stable water film was 
observed after the cleaning procedure. Immediately 
after rinsing with distilled water the substrates were 
spin dried in the spin coating apparatus. Sole 
rinsing with ethanol (96 %) or ultrasonic cleaning 
proved to be insufficient. 
Inconel 718 (IN-718), whose nominal 
composition is given in the following Table 3.1, 
was used as a model metal substrate. According to 
Seehra and Babu [SEE-1996], IN-718 consists of 
solid solution austenitic fcc matrix (gamma-phase) 
which is strengthened by precipitated Ni3(Al,Ti) 
(gamma’-phase). These authors furthermore report 
IN-718 to contain body-centered-tetragonal Ni3Nb 
(gamma’’-phase), orthorhombic delta-Ni3Nb and 
carbides. IN-718 samples were cut from rods into 
discs having a diameter of 25.5 mm ± 0.2 mm and a 
thickness of 2.5 mm ± 0.1 mm. Both sample sides 
were polished to mirror-like quality (Ra = 0.02 µm) 
by R. Koslowski (BAM V.4, Berlin, Germany). 
Polishing was carried out on a polishing machine 
(RotoPol-31, equipped with a RotoForce-4, 
MD-Plan and MD-Dac, Struers). Polishing agents 
which were purchased from Struers were: (i) 
diamond polish (Dia-Pro 9 µm - 3 µm) followed by 
(ii) DP-suspension, P, 1 µm. The circumference of 
each sample was grinded with SiC sandpaper 
(P1200, Jean Wirtz, Düsseldorf, Germany) to 
almost the same optical quality as both machine 
polished top surfaces.  
 
Estimation of layer thickness 
An important characteristic of layers is their 
thickness. A quick tool for estimating layer 
thickness is the method of differential weighing. 
Substrates were weighed before depositing a layer 
and afterwards. The recorded mass gain is a 
measure for layer thickness as expressed in 
Equ. 3.6,  
     Equ. 3.6 
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ρ
−=
−
−−−
uncoatedsubstrate1
1uncoatedsubstratecoatingaftersubstrate
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mmm
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where ρ is the density of the deposited material and 
m1/A1 the reciprocal value for surface area per 
mass of an uncoated sample. The ratio m1/A1 can 
be applied, if substrates with always the same 
Figure 3.5. Typical flaws in spin coating derived layers (a: comets, b: striations, c: chuck marks), from Birnie [BIR]. 
 
a b c 
constituent % of mass 
Ni 52.5 
Cr 19.0 
Fe 18.5 
Nb 5.2 
Mo 3.0 
Ti 0.8 
Al 0.6 
Si 0.2 
Mn 0.2 
 
Table 3.1. Composition of metal alloy used during this work 
(IN-718), from Greene and Finfrock [GRE-2001]. 
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thickness are used. This implies that surface area is 
proportional to sample mass (see appendix section 
for deduction details). 
 
Thermal treatment 
Coated substrates were subject to immediate heat 
treatment. Heat treatment was carried out on a 
home built heating plate (controller 2416, 
Eurotherm). Substrates were put onto the heating 
plate which was preheated to 350 °C. After 
2:30 min the substrates were removed and allowed 
to cool down to room temperature via free 
convection. This procedure allowed for the quick 
preparation of multiple coatings.  
After a final preparation step at 500 °C for 20 h, 
thermal treatment of metal substrates was carried 
out in three muffle furnaces. To guarantee 
comparable results at a given temperature each 
furnace was used for only one maximum heat 
treatment temperature. A Nabertherm furnace 
model L9/SH with a S27 controller was used for 
annealing at 700 °C. 800 °C experiments were 
carried out in a Nabertherm furnace model L15/12 
with a B170 controller. Heat treatments at 900 °C 
were carried out in a Linn furnace model LM 
312.21. Coating preparation of some selected 
IN-718 samples needed heat treatment at 1100 °C 
for 30 min, which was carried out in a Linn 
HT-1600 M furnace under technical nitrogen 
atmosphere. Heating rates were always set to 
10 K/min.  
Chattopadhyay and Wood [CHA-1970] 
recommended to insert samples into preheated 
furnaces (isothermal heating). Theses authors 
argued that during service of industrial components 
protective oxide scales may spall which exposes a 
fresh surface directly to the corrosive environment. 
A constant heating rate on the other hand allows for 
the formation of a protective scale before a sample 
has reached its designated testing temperature. 
However, this approach has not been adapted in this 
work as handling the hot samples complicates the 
experimental procedure. Furthermore, samples 
would be subject to rapid cooling and heating 
which could result in spallations of applied layers 
in their as prepared state, where transitional 
alumina is subject to phase transformation or loss 
of water. In addition, thermal shock tests were 
carried out in separate experiments. As was shown 
by Greene and Finfrock [GRE-2001] formation of 
protective oxide scales on IN-718 is drastically 
accelerated with increased temperature. If taking 
into account that during heating up a sample is 
exposed to temperatures below the testing 
temperature for only a few minutes (heating rate 
chosen 10 K/min), then the growth processes 
induced at the designated testing temperature will 
outnumber the layer growth which previously took 
place. This idea is substantiated by the achieved 
testing times of up to 800 h. 
Not only coated substrates but also xerogel 
samples were subject to heat treatment in order to 
study phase transformation behavior. Xerogel 
samples were placed in corundum crucibles which 
were previously heated to 1200 °C for 30 min. One 
could surmise corundum crucibles to influence 
thermal evaluation behavior of heated samples, as 
corundum can act as nucleation site for corundum 
formation in heated samples. As pointed out by 
Dynys and Halloran [DYN-1984-A], this is not the 
case. According to these authors, corundum 
crucibles have no effect on nucleation and growth 
of alpha-Al2O3.  
 
SEM, TEM and EDX analysis 
Scanning electron microscope (abbr. SEM, 
1530VP, Leo Gemini) micrographs were taken by 
R. Saliwan-Neumann (BAM V.1, Berlin, 
Germany). All samples for transmission electron 
microscopy investigations (abbr. TEM, 4000 FX, 
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Joel) were prepared by H. Rooch (BAM V.1, 
Berlin, Germany), using focused ion beam 
technique (abbr. FIB, StrataTM, 200 xP TMP 
workstation (FEI)). Prior to FIB preparation, 
samples were coated with platinum and gold. Using 
Ga+ ion beams, electron transparent cross sections 
of the coating/substrate system were produced with 
dimensions of about 20 µm length and 10 µm 
height. The so called “lift-out” method was applied 
and the thinned sample was deposited on a carbon 
coated copper grid. 
TEM investigations were carried out by I. 
Dörfel (BAM V.1, Berlin, Germany). In order to 
characterize microstructure and composition, bright 
and dark field image modes were used as well as 
electron diffraction in selected area mode (SAED), 
convergent beam mode (CBED) and energy 
dispersive X-ray (EDX). In a local manner, grain 
sizes, habits, and crystallographic phases of the 
coatings were determined and the interface regions 
between coatings and substrates were inspected. 
EDX information was used in combination with 
electron diffraction to determine crystallographic 
phases of selected grains or regions between grains 
on the one hand and to examine punctiform the 
diffusion of elements of the substrate into the 
coating region on the other hand. 
 
Quantification of oxidation protection 
Coated and uncoated metal substrates (IN-718) 
were tested at elevated temperatures in order to 
study the protective properties of applied layers. A 
common method to study oxidation behavior of 
metals is to record sample mass after different heat 
treatment times [GRE-2001, SIN-2005]. According 
to Equ. 3.7, one can calculate the specific mass gain 
(B) per surface area (A) using the obtained mass 
gain data (Δm). The ratio of specific mass gain per 
coated and uncoated surface area can be determined 
using the following equation (Equ. 3.8) whose 
deduction can be found in the appendix section.  
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Another parameter describing the mass gain during 
oxidation is the actual mass gain at a certain point 
in time thus the derivative of B with time like 
defined in Equ. 3.9.  
 
dt
dBB =&    Equ. 3.9 
 
Difficulties arise, if a sample loses mass due to 
spallations. If not quantified, such mass losses can 
mask the mass gain resulting from oxidation. 
Hence, spallations lead either to seemingly reduced 
or even negative specific mass gain values. In order 
to overcome this problem and allow comparisons 
between samples which showed spallations and 
samples who did not, the following procedure was 
applied [SIN-2005]: All samples were placed in 
corundum trays which were weighed empty after 
previously heating to 1200 °C for 30 min. When 
spallations occurred, the mass loss due to 
spallations could then be calculated by weighing 
the tray without the substrates but with the spalled 
matter. The determined mass of spalled material 
was divided by the number of samples in the tray 
and added to the mass of each sample. However, 
when using values obtained under consideration of 
spalled masses a problem arises. If a coherent oxide 
layer is formed, the base material is somewhat 
protected against further oxidation. In the case of 
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spallations, fresh less oxidized surfaces are 
constantly exposed to the furnace atmosphere. 
Compared to surfaces already covered with a 
protective oxide layer, these fresh surfaces show a 
higher oxidation rate. Hence, even if exact 
quantifications of the spalled matter were possible, 
the mass gain of samples showing spallations 
should be greater compared to samples showing no 
spallations. Weighing was carried out in a regularly 
checked balance (Kern 770) with a precision of 
0.1 mg for 60 g < m < 210 g and 0.01 mg for 
m ≤ 60 g. Prior to weighing, all samples were 
allowed to equilibrate for at least 4 h. The reason 
for this lies in the fact that water absorption from 
the ambient atmosphere led to unstable balance 
readings when samples were weighed immediately 
after taking out of the cool furnace. The fact that 
used corundum trays weighed more than 60 g each, 
limited the achievable precision to 0.1 mg while 
determining the mass of spalled matter. However, 
during long term high-temperature exposure tests 
enough spallations occurred as to get measurable 
mass gains of the corundum trays. If not otherwise 
stated, all oxidation tests were performed using at 
least three samples per experiment. Hence, when 
testing a coating, at least 6 substrates were heated 
simultaneously, i.e. three coated specimens and 
three uncoated ones.  
Mass gain values used to calculate the specific 
mass gain per surface area were based on sample 
mass after 50 h. This procedure had two reasons. 
Firstly: it was confirmed with DTA that applied 
layers showed a mass loss after preparation at 
350 °C. Hence, this mass loss would render any 
comparison to uncoated samples useless as no such 
mass loss occurs at uncoated samples. After heating 
for 50 h at the designated temperature, all processes 
involving a layer related mass loss should be 
complete. Secondly: it has been reported by Greene 
and Finfrock [GRE-2001] that IN-718 oxidized in 
air at 900 °C undergoes a period of rapid transient 
oxidation for up to 24 h. After that transitional 
period oxidation proceeds at a constant and greatly 
reduced rate [GRE-2001]. It was found that mass 
loss could as well be based on mass after 100 h 
without resulting in significant differences for the 
calculated values of Bcoated/BUNcoated. 
Error calculations were carried out assuming an 
error of 5 % for numbers of surface area. Values for 
diameter and thickness of the machined and 
polished IN-718 substrates were obtained with a 
calibrated vernier caliper to a precision of 0.01 mm. 
Each mass gain experiment was carried out using 
three identically treated samples. Standard 
deviation was used as a measure for experimental 
error.  
 
Nanoindentation measurements 
Nanoindetation measurements were carried out by 
M. Griepentrog (BAM VI.4, Berlin, Germany) 
using an appliance (XP, MTS) with a Berkovich 
indentor. The indentor oscillation frequency was set 
to 45 Hz with an amplitude of 2 nm. Maximum 
indentation depth was 2 µm. Force was increased 
with a strain rate of 0.05 s-1. All measurements 
were corrected with respect to the yield of the used 
appliance, real indentor geometry, thermic drift and 
zero-point.  
 
Thermal cycling 
Coated metal samples were tested in a home built 
cycling apparatus (R. Schadrack, BAM V.4, Berlin, 
Germany), which consisted of a tube furnace into 
which a corundum sample holder was inserted and 
withdrawn automatically at the designated cycling 
frequency. No forced cooling was applied. 
Temperature was measured underneath the sample 
with a Pt/Rh thermocouple. Cycling was carried out 
according to the schema depicted in Figure 3.6. 
After keeping the sample in the furnace - heated to 
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810 °C - for about 15 min, the sample was 
withdrawn and kept outside the furnace for another 
15 min to allow it to cool via free convection.  
 
Oxygen permeation measurements 
In order to assess the capacity of the applied layers 
to act as oxygen barrier coatings a gas permeation 
measuring device was designed, built, tested and 
first measurements were carried out. According to 
Crank and Varshneya [CRA-2005] the permeability 
coefficient P, usually given in mol/m/s/Pa, is 
defined according to Equ. 3.10, where A is surface 
area, d membrane thickness, p partial pressure and n• 
the molar flux of the permeating species (ref. 
Figure 3.7).  
 
( ) d/ppPA/n 21 −=&   Equ. 3.10 
 
The permeability coefficient is a number 
summarizing effects such as mass transfer from 
the gas phase into the solid, diffusion within the 
solid and desorption from the solid into the gas 
phase at the other side. The permeability 
coefficient depends on factors like gas phase 
velocity, total pressure difference, porosity, 
temperature, etc. Hence, each permeability 
coefficient is only valid for the set of conditions 
chosen during measurements. 
Many methods exist for measuring the 
permeation of comparatively thick membranes, i.e. 
millimeter to centimeter range [AKI-2004, 
DIE-2003, DIE-2004, FOX-2004, KOV-1998, 
LEE-2000, SAK-1996, STE-2000]. However, to the 
best of the author’s knowledge, no report regarding 
the determination of permeability coefficients on 
only micrometer thick membranes has been 
published so far. These thin membranes cannot be 
prepared and measured as free standing 
membranes. In order to overcome this problem the 
following approach was used in this work: A 
porous support made of sintered Al2O3 was coated 
with a layer whose permeability coefficient is to be 
determined. Before applying the coating via spin 
coating, the support was preheated to 700 °C. After 
this procedure the permeability coefficient of the 
uncoated support was determined. By using the 
overall permeability coefficient of the coated 
system one can determine the permeability 
coefficient of the single applied layer. The porous 
support in its as delivered state consisted of two 
components: (i) the porous support (30 % to 40 % 
open porosity and d50 = 3 µm) and (ii) a 12 µm 
thick alumina coating (d50 = 60 nm) applied by the 
support supplier. Measurements were carried out in 
counter-current flow, as mathematical treatment of 
the data recorded at counter-current flow is easier 
Figure 3.6. Example for heat treatment regime used during 
thermal cycling experiments. Actual total cycling times 
applied in this work were longer than 250 min. 
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Figure 3.7. Schematic drawing of a membrane (d) through 
which a molar current )n( &  is permeating as a result of the 
partial pressure difference (p1 – p2). 
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than if using co-current flow. The latter involves 
the solution of a system of differential equations. 
For details regarding the calculation of the 
permeability coefficient, see the appendix section.  
The built measuring device had a general design 
depicted in Figure 3.8. The Al2O3 supports, either 
coated or uncoated, separated two gas streams of 
known volume flux V• •. The oxygen concentration 
was measured in the outgoing gas stream on the 
permeate side. The increase in oxygen 
concentration between incoming and outgoing 
permeat gas stream was used to calculate the 
permeability coefficient. The leakage error of the 
used appliance was determined prior to each 
measurement in the following way: Both the feed 
and permeate side are swept with nitrogen (Air 
Liquide, N2 quality 5.0, i.e.: c(O2) < 3 ppmv and 
c(H2O) < 1 ppmv) at flow rates ranging between 
200 sccm (standard cubic centimeter per minute) 
and 20 sccm. In order to assess the ingress of 
surrounding air into the measuring chamber, i.e. the 
leakage rate, the oxygen concentration at both the 
permeate and feed side were measured. As could 
have been expected, the measured oxygen 
concentration decreased with increasing sweep gas 
velocity as is illustrated in Figure 3.9. The reason 
being a dilution effect of the incoming air, which 
blends into the nitrogen sweepgas current. It was 
found that during oxygen permeation measurements 
reproducible results can be obtained even at low 
flow rates like at 20 sccm, if at counter current 
measurements the following condition is satisfied 
c(O2,feed,in) / c(O2,permeat,in) > 10. 
 
 
 
 
 
Figure 3.9. Detected oxygen concentration in the permeate 
(outgoing gas stream at permeate side) as a function of 
different flow rates. Both permeat and feed side of the 
uncoated porous substrate were previously swept with pure 
nitrogen in counter-current.  
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Figure 3.8. Schematic drawing of counter-current permeation cell set up used during this work. 
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4. RESULTS 
 
4.1  Sols  
 
Al speciation in sols 
he following Table 4.1 shows 
compositional data of sols studied by 27Al 
NMR spectroscopy. Three major NO 3¯ /Al 
molar ratios were chosen in this work: sols with (i) 
high nitrate content NO 3¯ /Al ~ 2.2, (ii) medium 
nitrate content NO 3¯ /Al ~ 1.5 and (iii) low nitrate 
content NO 3¯ /Al ~ 0.6. Sols with nitrate contents 
higher than NO 3¯ /Al ~ 2.2 were not synthesized as 
NO 3¯ /Al = 3.0 would be a pure aluminum nitrate 
solution. Lowering the nitrate content below 
NO 3¯ /Al ~ 0.6 resulted in turbid sols which gelled 
rapidly. Apart from synthesis parameters like 
nitrate content and solids loading the influence of 
different synthesis procedures was analyzed as 
well. As can be seen in Table 4.1, solids loading of 
sols was changed by prolonged heating times at 
80 °C or by dilution with water at room 
temperature. Figure 4.1 gives an orientation 
regarding the following presentation of 27Al NMR 
results. Two parameters were varied: (i) NO 3¯ /Al 
molar ratio and (ii) solids loading. Figure 4.2 shows 
27Al NMR spectra of sols with similar solids 
loadings ranging only between 8.8 wt% and 
9.8 wt% but markedly different nitrate contents. 
The sol with the lowest nitrate content 
(NO 3¯ /Al = 0.5) s-0.5-9.8-3.5 contained monomers 
as it showed a signal at ~ 0 ppm [ALL-2003]. 
Furthermore, a resonance at ~ 63 ppm from the 
central AlO4 unit of the Al13 polycation was 
detected [FU-1991]. It should be noted that Al13 
polycations are identified in this work utilizing their 
resonance in the region of tetrahedraly coordinated 
aluminum at ~ 63 ppm (Table 2.1). This resonance 
originates from the central AlO4 unit of the Al13 
polycation. As the Al13 polycation consists of a 
central AlO4 unit which is surrounded by 12 AlO6 
units [BOT-1987] a signal in the region assigned to 
resonances from octahedraly coordinated aluminum 
should be found as well. This signal is expected to 
occur at ~ 11 ppm [ALL-2003, FU-1991]. As has 
been explained by Fu et al. [FU-1991], this 
resonance is not easily observed, which explains 
the absence of a distinct peak at ~ 11 ppm in 
spectra recorded in this work. A third weak signal 
was found in s-0.5-9.8-3.5 at ~ 5 ppm (inset Figure 
4.2), which might be assigned to trimers 
[PER-2001] or more generally to “poorly 
polymerized” compounds [MAS-1994]. Increasing 
nitrate content led to spectra without a signal at 
~ 63 ppm. Sol s-1.1-8.8-2.7 having a NO 3¯ /Al 
molar ratio of 1.1 exhibited no resonance at 
T 
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~ 63 ppm, but only at ~ 0 ppm and ~ 5 ppm. Sol s-
2.2-9.8-1.0 having a nitrate content of 
NO 3¯ /Al = 2.2, which is close to the value of a pure 
aluminum nitrate solution ((NO 3¯ /Al)Al(NO3)3 = 3.0), 
shows a similar 27Al NMR signal as s-1.1-8.8-2.7. 
No resonance at ~ 63 ppm could be detected but 
only resonances at ~ 0 ppm and ~ 5 ppm, thus 
monomere, dimere and trimere Al species were 
present. As can be seen when comparing the sample 
labels whose signals were shown in Figure 4.2, 
acidity is drastically increasing with increasing 
nitrate content. While the sol with the lowest 
NO 3¯ /Al molar ratio (s-0.5-9.8-3.5) exhibited a pH 
value of 3.5, sol s-2.2-9.8-1.0 had a much lower pH 
of 1.0. Figure 4.3 illustrates the influence of nitrate 
content at similar pH values. All depicted spectra of 
sols s-0.7-12.0-3.1, s-1.5-3.0-3.2 and s-2.0-1.8-n.d.2 
have signals attributable to Al13 (~ 63 ppm), 
monomere and dimere species (~ 0 ppm) and 
poorly polymerized species (~ 5 ppm). In addition, 
                                                 
2 pH of aged sol = 2.9 
sample c(Al3+) 
in 
mol/l 
initial pH/pH of 
aged sols 
(4 months) 
resonance of Al[4] at 63 
in ppm 
(no: - / detectable: +) 
method of preparation 
 
sols with NO 3¯ /Al ~ 2.2 molar ratio 
 
s-2.3-4.7-2.6 1.1 2.6/2.8 - hydrolysis 
     
s-2.3-5.2-2.5 1.3 2.5/2.7 - hydrolysis 
s-2.2-9.8-1.0 2.9 1.0/1.4 - s-2.3-5.2-2.5/evaporation 
s-2.1-3.4-n.d. 0.8 n.d.*)/3.2 - s-2.3-5.2-2.5/dilution  
s-2.0-1.8-n.d. 0.4 n.d./2.9 + s-2.3-5.2-2.5/dilution  
 
sols with NO 3¯ /Al ~ 1.5 molar ratio 
 
s-1.6-8.3-2.5 2.1 2.5/2.5 - hydrolysis 
s-1.5-4.4-3.2 1.0 3.2/3.0 + hydrolysis 
s-1.1-8.8-2.7 2.2 2.7/2.8 - hydrolysis 
     
s-1.6-9.3-2.4 2.5 2.4/2.5 - hydrolysis 
s-1.7-7.0-2.7 1.8 2.7/2.5 - s-1.6-9.3-2.4/dilution 
s-1.7-4.0-3.3 0.9 3.3/3.0 + s-1.6-9.3-2.4/dilution 
s-1.6-3.0-3.2 0.6 3.2/3.2 + s-1.6-9.3-2.4/dilution 
 
sols with NO 3¯ /Al ~ 0.6 molar ratio 
 
s-0.7-12.6-3.3 3.3 3.3/3.1 + hydrolysis 
s-0.6-8.7-3.6 2.0 3.6/3.4 + hydrolysis 
s-0.7-5.0-3.7 1.1 3.7/3.5 + hydrolysis 
     
s-0.5-9.8-3.5 2.3 3.5/3.1 + hydrolysis 
s-0.5-13.1-3.3 3.3 3.3/3.2 + s-0.5-9.8-3.5/evaporation 
     
s-0.7-12.0-3.1 3.1 3.1/2.8 + hydrolysis 
s-0.7-8.2-3.6 1.9 3.6/3.3 + s-0.7-8.2-3.6/dilution 
s-0.7-5.0-3.6 1.1 3.6/3.3 + s-0.7-8.2-3.6/dilution 
s-0.7-3.3-3.7 0.7 3.7/3.4 + s-0.7-8.2-3.6/dilution 
*)n.d. = values were not determined 
 
Table 4.1. Compositional data and pH of selected sols
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s-0.7-12.0-3.1 has a pronounced signal at ~ 13 ppm 
being indicative of polymerized Al species 
[BER-1986, NOF-2006]. Comparing spectra 
depicted in Figure 4.3 suggests that increased 
nitrate contents at similar pH values leads to a 
reduced signal at ~ 63 ppm and increased signals at 
~ 5 ppm and ~ 0 ppm. However, whereas only 
small differences between s-1.5-3.0-3.2 and s-2.0-
1.8-n.d. were observed for the latter two 
resonances.  
The influence of solids loading, thus water 
content, is demonstrated in Figure 4.4 where 27Al 
NMR spectra for sols with low nitrate content of 
NO 3¯ /Al ~ 0.6 but different solids loadings of 23.0, 
19.0, 12.0 and 5.0 wt% are shown. Each depicted 
spectrum is scaled with respect to its highest signal 
amplitude. All sols analyzed (s-0.6-23.0-2.7, s-0.6-
19.0-3.0, s-0.7-12.0-3.1 and s-0.7-5.0-3.7) exhibited 
a signal at ~ 0 ppm and ~ 5 ppm. Furthermore, all 
samples apart from the sol having the lowest solids 
loading (s-0.7-5.0-3.7) showed a resonance at 
~ 13 ppm, which is being indicative of highly 
polymerized Al species. Differences were also 
found regarding the presence of the Al13 polycation 
(~ 63 ppm). While the sol with the highest solids 
loading (s-0.6-23.0-2.7) showed no resonances at 
~ 63 ppm, this resonance was found in all other 
sols. When reducing the solids loading from 
12.0 wt% to 9.8 wt% (spectrum of s-0.5-9.8-3.5 not 
shown), a faint shoulder at ~ 7 ppm appears, which, 
still very weak, seems to become more pronounced 
when further reducing solids loading down to 
5.0 wt% (s-0.7-5.0-3.7). Sol s-0.6-0.3-4.3 (27Al 
NMR spectrum not shown) having a very low 
solids loading of only 0.3 wt% exhibited no 
resonance at ~ 5 ppm or ~ 13 ppm at all, but only at 
~ 7 ppm, ~ 0 ppm and at ~ 63 ppm. Apart from 
differences in Al speciation decreased solids 
contents led to increased pH values, compare e.g. 
sol s-0.6-23.0-2.7 and sol s-0.7-5.0-3.7. Spectra 
simulations for sols with NO 3¯ /Al ~ 0.6 but 
different solids loading were carried out to estimate 
the relative amount of detected aluminum at 
selected chemical shifts. The most pronounced 
changes were observed for Al13 (~ 63 ppm) and 
polymerized species (~ 13 ppm), as can be seen in 
Table 4.2. 65 % of all detectable aluminum in sol s-
0.7-5.0-3.7 belonged to Al13 polycations, whereas 
Figure 4.2. 27Al NMR spectra of samples having different 
NO 3¯ /Al molar ratios but comparable solids loadings, from 
Nofz et al. [NOF-2006]. 
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Figure 4.3. 27Al NMR spectra of sols having similar pH values, 
illustrating the influence of NO 3¯ /Al molar ratio. 
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21 % were incorporated in polymerized AlO6 
species. Increasing solids loading from 5.0 wt% to 
12.0 wt% while maintaining the same NO 3¯ /Al 
molar ratio resulted in almost inverse values. In sol 
s-0.7-12.0-3.1 only 13 % of the detectable 
aluminum was comprised in Al13 polycations while 
76 % were incorporated in polymerized AlO6 
species.  
Only minor changes in relative amounts of 
NMR visible aluminum between s-0.7-5.0-3.7 and 
s-0.7-12.0-3.1 were seen for monomere, dimere, 
trimere and boehmite-like species. As done at 
NO 3¯ /Al ~ 0.6 the influence of solids loading on Al 
speciation was also investigated at NO 3¯ /Al ~ 2.2. 
Figure 4.5 illustrates the observed change in Al 
speciation when decreasing solids loading from 
9.8 wt% to 1.8 wt%. All sols investigated exhibit 
signals for monomere, dimere (~ 0 ppm) and 
trimere (~ 5 ppm) Al species. Only sample s-2.0-
1.8-n.d., which had the lowest solids content of this 
series (1.8 wt%), showed a very weak resonance at 
~ 63 ppm. Thus, a barely detectable amount of Al13 
polycations was present in this sample.  
Apart from solids content and NO 3¯ /Al molar 
ratio aging is another factor controlling Al 
speciation in sols. As shown in Figure 4.6, the 
relative amplitude at ~ 63 ppm after aging a sample 
and shortly after preparation decreased when sols 
were aged for several months. The values shown 
were obtained by relating the amplitude at 
~ 63 ppm of aged samples to the amplitude at 
~ 63 ppm of the freshly prepared sol. It is 
Figure 4.4. Influence of solids loading, hence pH value, on 27Al 
NMR spectra of sols having molar ratios of NO3¯ /Al ~ 0.6. 
Figure 4.5. Influence of solids loading, hence pH value, on 
27Al NMR spectra of sols having molar ratios of NO 3¯ /Al ~ 2.2, 
from Nofz et al. [NOF-2006]. 
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δ (27Al) in ppm
sample chemical shift  
in ppm 
s-0.7-12.0-3.1 s-0.5-9.8-3.5 s-0.7-5.0-3.7 
Almonomer/dimer 0 - 0.77 6 9 9 
Alpoorly polymerized 4.3 5 2 4 
Alboehmite-like 7 0 1 1 
Alpolymerized 10 - 12.5 76 30 21 
Al13 63 13 58 65 
 
 
Table 4.2. Relative amounts of NMR visible Al species from spectra simulations, from Nofz et al. [NOF-2006]. 
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interesting to note that sols with higher initial pH 
values showed a slower decrease in relative 
amplitude as the samples with lower pH values. A 
sol having a pH value of 3.1 lost about 90 % of 
signal height at ~ 63 ppm already after one month 
of aging. Further aging for up to four months 
diminished the Al13 polycation content to almost 
zero. After one month, a sol with a higher starting 
pH of 3.7 lost only 10 % of amplitude height at 
~ 63 ppm. Four month of aging resulted in a sol 
with still ~ 50 % of the starting Al13 content.  
Not only Al13 polycations but also species 
detectable at lower chemical shifts are subject to 
decomposition when aged. Sol s-0.7-12.0-3.1 
(Figure 4.4) showed a marked amount of 
polymerized species, which were identified by a 
resonance at ~ 13 ppm. After aging for 3.5 months, 
only resonances at ~ 0 ppm and ~ 5 ppm were left 
in this sol sample.  
Aging also slightly changes pH value of sols. 
Sols having a starting pH value equal or below 2.5 
show increased pH values after aging for four 
months (Table 4.1). Sols with initial pH values 
equal or above 3.1 show decreased pH values after 
aging.  
Al13 polycations are subject to decomposition as 
was illustrated in Figure 4.6. However, thermal 
treatment of sols to 80 °C can lead to the formation 
of new Al13 polycations. Figure 4.6 shows the effect 
of reheating sol s-0.7-12.0-3.1, which was 
previously aged for one month. No signal from Al13 
at ~ 63 ppm and from polymerized species at 
~ 13 ppm was discernible in this sample after aging. 
When heated to 40 °C a distinct signal for Al13 was 
recorded. In addition, another broad signal at 
~ 70 ppm being attributed to Al30 [ALL-2003] 
appeared. As reheating experiments were carried 
out on the same sample, a direct comparison of 
peak height should be possible. However, it has to 
be noted that the total amount of detectable 
aluminum decreased with increasing temperature. 
At 80 °C only 58 % of the aluminum detectable at 
room temperature contributes to the NMR spectrum 
[NOF-2006].  
Still, it can be concluded that heating s-0.7-12.0-
3.1 up to 80 °C led to a decrease in the relative 
content of detectable monomeric and dimeric Al 
species and an increase in Al13 and Al30 content. 
Immediately after cooling down to 40 °C, the signal 
of Al30 diminished and the signal for monomere and 
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Figure 4.6. Aging induced decomposition of Al13 polycations 
as a function of sols pH value, from Nofz et al. [NOF-2006]. 
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Figure 4.7. 27Al NMR spectra for aged (1 month) sol s-0.7-
12.0-3.1 (having a solids loading of 12.0 wt%, a pH of 3.1 and 
a molar ratio of NO 3¯ /Al = 0.7) recorded at different 
temperatures, from Nofz et al. [NOF-2006]. 
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dimere Al species at ~ 0 ppm increased again. After 
aging for 15 h at room temperature the Al30 signal 
seems to have become even smaller, whereas the 
Al13 signal at ~ 63 ppm had the same height as 
shortly after heating to 40 °C. In addition, further 
monomere and dimere Al species have formed 
within this aging period (15 h) as can be deduced 
from the increased peak height at ~ 0 ppm.  
As was already mentioned above, aging leads to 
a decomposition of polymerized species detectable 
at ~ 13 ppm. Similar to the above described 
behavior of Al13 species, the decomposition process 
of polymerized species can be reversed through 
reheating of a sol. Figure 4.8 shows the same 
spectra of sol s-0.7-12.0-3.1 as already presented in 
Figure 4.7 but with respect to the signals between 
~ 5 ppm and ~ 40 ppm. As can be seen, sample s-
0.7-12.0-3.1 (aged 1 month) observes a signal for 
trimere Al species at ~ 5 ppm, but no signal at 
~ 13 ppm (polymerized species). Heating to 40 °C 
leads to the recreation of polymerized AlO6 species 
(~ 13 ppm), whose content increases even further 
when increasing the temperature to 80 °C. At 80 °C 
a shoulder at ~ 11 ppm appears, which is only 
visible at this temperature. This shoulder probably 
originates from the AlO6 octahedron surrounding 
the central AlO4 unit of the Al13 polycation. The 
fact that this shoulder vanishes when cooling down 
the sol sample is in line with Fu et al. [FU-1991] 
who mention that increased temperature during 27Al 
NMR narrows the broad Al13 signal at ~ 11 ppm. 
Hence, these species are difficult to detect at room 
temperature. Cooling down to 40 °C resulted in 
almost the same speciation as observed at 40 °C 
during heating up. Regarding the signals at ~ 5 ppm 
and ~ 13 ppm, no changes compared to the spectra 
recorded after cooling down to 40 °C were 
observed after aging the reheated sample for 15 h at 
room temperature. Aging of reheated sols for four 
weeks (spectra not shown) led to the disappearance 
of the changes induced by reheating, thus heat 
treated sols aged in a similar way like sols without 
additional reheating.  
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Figure 4.9. Influence of temperature on 27Al NMR spectra of a 
sol having a comparatively high molar ratio of NO 3¯ /Al = 2.3, 
a solids loading of 10.0 wt% and a pH value of 1.1 (s-2.3-10.0-
1.1). 
Figure 4.8. Evolution of 27Al NMR signals between 0 ppm and 
45.0 ppm for aged (1 month) sol s-0.7-12.0-3.1 (having a solids 
loading of 12.0 wt%, a pH of 3.1 and a molar ratio of 
NO 3¯ /Al = 0.7) recorded at different temperatures, from Nofz et 
al. [NOF-2006]. 
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Sols having a higher nitrate content of 
NO 3¯ /Al ~ 2.2 were also analyzed at elevated 
temperatures. Figure 4.9 shows the 27Al NMR 
spectra of sample s-2.3-10.0-1.1. The spectrum of 
s-2.3-10.0-1.1, which was taken before starting the 
reheating experiment, resembles the spectrum of 
sample s-2.2-9.8-1.0, which is shown in Figure 4.5. 
No Al13 or polymerized species could be detected, 
but only monomers, dimers (~ 0 ppm) and poorly 
polymerized species (~ 5 ppm). When temperature 
is increased up to 80 °C, the peak at ~ 5 ppm 
increases. Neither Al13 nor Al30 and polymerized 
species can be seen when temperature is increased 
to 80 °C. Cooling down to room temperature led to 
a rapid transformation of the sample into the state 
detected before the reheating experiment.  
 
Rheological properties 
As the above described sols were intended to be 
used as coating agents, their viscosity behavior was 
studied as well. Rheological properties of applied 
sols represent a key factor for adjusting coating 
results, such as thickness and homogeneity. The 
following section gives results for viscosity 
behavior of sols with NO 3¯ /Al molar ratios of 2.2 
and 0.6. No yield stress was observed in any 
sample. Figure 4.10 shows the viscosity behavior of 
sols having a high nitrate content of NO 3¯ /Al = 2.2 
but different solids loadings.  
All sols depicted in Figure 4.10 exhibit 
Newtonian flow characteristics within a shear rate 
interval of 77 s-1 and 2500 s-1, thus viscosity does 
not change significantly with changing shear rate. 
Viscosity at 2500 s-1 increased from 2.2 mPas to 
82 mPas when solids loading was raised from 
3.7 wt% to 15.2 wt%. An increase of viscosity with 
increasing solids loading was also observed for sols 
with a molar ratio of NO 3¯ /Al = 0.6 (Figure 4.11). 
Increasing solids loading from 4.2 wt% to 
25.6 wt% resulted in an increase of viscosity at 
2500 s-1 from 1.5 mPas to 45 mPas. Newtonian 
flow characteristics were found in sols with 
NO 3¯ /Al = 0.6 whose solids content was equal or 
below 24.6 wt%. The sol with the highest solids 
loading of 25.6 wt% at NO 3¯ /Al = 0.6 showed 
structural viscosity behavior. Viscosity falls from 
81 mPas at 77 s-1 to 45 mPas at 2500 s-1.  
Figure 4.12 summarizes pH values and viscosity 
data taken at 2500 s-1 for sols with molar ratios of 
NO 3¯ /Al = 2.2 and 0.6 at different solids loadings. 
Sols with low nitrate content of NO 3¯ /Al = 0.6 
exhibit a rather constant viscosity of ~ 5 mPas 
(2500 s-1) up to a solids loading of ~ 18 wt%. 
Further increasing solids loading above ~ 18 wt% 
results in a rapid increase in viscosity up to 
45 mPas at 2500 s-1 (Figure 4.12). Sols with a 
molar ratio of NO 3¯ /Al = 0.6 can be concentrated 
without gelation up to ~ 26 wt%. The attempt to 
synthesize a sol with 28.0 wt% resulted in 
immediate gelation during preparation. A 
comparable sudden increase in viscosity at 2500 s-1 
was found in sols with a nitrate content of 
NO 3¯ /Al = 2.2. Up to ~ 6 wt% viscosity ranges at 
~ 3 mPas (2500 s-1) whereas an increase in solids 
Figure 4.10. Flow curves of sols having molar ratios of 
NO 3¯ /Al = 2.2 but different solids loadings, from Dressler et al. 
[DRE-2006]. 
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loading above ~ 6 wt% results in a rapid rise of 
viscosity to 82 mPas (2500 s-1).  
While increasing solids loading of sols with 
NO 3¯ /Al = 0.6 from 4.2 wt% to 25.6 wt%, pH value 
decreased in a linear pattern from 3.7 to 2.8. A 
similar decrease in pH with increasing solids 
content was observed for sols with much higher 
nitrate content of NO 3¯ /Al = 2.2. A solids loading of 
3.7 wt% resulted in a pH value of 2.9 while the sol 
with the highest solids content of 15.2 wt% had a 
pH value of 0.6. The evaluation of pH values with 
changing solids loading for samples of the latter sol 
type (NO 3¯ /Al = 2.2) is linear in the range between 
5.7 wt% and 15.2 wt%. The pH value of the most 
dilute sol having a solids loading of 3.7 wt% 
deviates from this linear trend.  
No thixotropy was detected when analyzing 
viscosity at 2500 s-1 and 500 s-1 (results not shown) 
of a coating relevant sol (NO 3¯ /Al = 0.6, 
c(Al2O3) = 10.0 wt%), showing Newtonian flow 
characteristics. A comparable sol having an 
increased solids loading (NO 3¯ /Al = 0.6, 
c(Al2O3) = 23.0 wt%), which exhibited structural 
viscosity behavior, was also void of significant 
thixotropy effects at 500 s-1 and 2500 s-1.  
 
Influence of aging on flow character-
ristics 
 
In addition to above presented rheological 
properties of freshly prepared sols, viscosity of 
aged sols was measured as well. It should be noted 
that samples were aged in sealed containers at room 
temperature according to a static regime, i.e. sols 
were not shaken or stirred during aging. The 
following Figure 4.13 shows flow curves for sols 
having different solids loadings with a molar ratio 
of NO 3¯ /Al = 2.2 after aging. Aging a sample with a 
solids loading of 12.6 wt% for 14 d did not lead to 
any discernible viscosity change compared to the 
freshly prepared sols. Even after aging for 379 d, a 
sample with a nitrate content of NO 3¯ /Al = 2.2 and 
a solids loading of 5.7 wt% exhibited only a minor 
increase in viscosity. The same good long term 
stability was observed for a sol with an even higher 
solids loading, namely 10.4 wt%. As can be seen in 
Figure 4.13, aging for 387 d resulted in a negligible 
increase in viscosity of only ~ 1 mPas. The aged 
sample still observed Newtonian flow 
characteristics. However, the sol with the highest 
solids loading of 15.2 wt% showed the formation of 
precipitates after 3 d of aging. The same good long 
Figure 4.11. Flow curves of sols having molar ratios of 
NO 3¯ /Al = 0.6 but different solids loadings, from Dressler et al. 
[DRE-2006]. 
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Figure 4.12. Viscosity (at a shear rate of 2500 s-1) and pH 
value as functions of solids loading and NO 3¯ /Al molar ratio, 
from Dressler et al. [DRE-2006]. 
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term stability was observed in sols with lower 
nitrate content (NO 3¯ /Al = 0.6). Aging a sol with 
17.5 wt% for 480 d resulted in an increase in 
viscosity from 4.7 mPas to 8.3 mPas (Figure 4.14). 
Even the aged sample exhibited Newtonian flow 
characteristics. Only a small change in viscosity 
was measured after aging a sol with 24.6 wt% for 
14 d (flow curve not shown). 
Although a slight rise in viscosity of at most 
~ 5 mPas at shear rates up to 439 s-1 can be 
observed in this sample, viscosity values at higher 
shear rates are even marginally lower (~ 2 mPas) as 
for the freshly prepared sol. Aging that sol for 
375 d resulted in more pronounced changes. While 
the fresh sample exhibited Newtonian flow 
characteristics the aged sample showed structural 
viscosity behavior, its viscosity falling from 
70 mPas at 77 s-1 to 40 mPas at 2500 s-1.  
At NO 3¯ /Al = 0.6 the sol with the highest solids 
loading of 25.6 wt%, which already showed 
structural viscosity behavior in the freshly prepared 
sample, exhibited a marked increase in viscosity 
after 14 d of aging (curve only shown for sample 
aged 374 d). Compared to a freshly prepared sol, 
viscosity increases at a shear rate of 77 s-1 by a 
factor of 1.7 and at 2500 s-1 by a factor of 1.5 after 
14 d of aging. Even aging this sol for 374 d did not 
cause gelation. As can be seen in Figure 4.14, 
structural viscosity behavior was recorded. It is 
interesting to note that between 14 d after 
preparation and 374 d after preparation viscosity 
increased not catastrophically. At a shear rate of 
77 s-1 the freshly prepared sample showed a 
viscosity of 82 mPas while the aged sample (374 d) 
had 150 mPas. Thus, after 374 d at this particular 
shear rate viscosity increased by a factor of 1.8. At 
2500 s-1 aging for 374 d resulted in an increase of 
viscosity by a factor 1.6 compared to the freshly 
prepared sample.  
 
UV-vis transparency 
It was found that transparency of sols decreased with 
increasing solids loading. In order to obtain an 
objective measure for turbidity, sols with different 
solids loading and different nitrate content were 
analyzed with UV-vis transmission spectroscopy. 
Distinct differences between sols with high and low 
nitrate content were found. 
Figure 4.15 shows transparency values obtained 
within the wavelength range of 380 nm and 780 nm 
for sols with a nitrate content of NO 3¯ /Al = 2.2 and 
different solids loading. No clear trend was observed 
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Figure 4.13. Flow curves for aged sols having a molar ratio of 
NO 3¯ /Al = 2.2 but different solids loadings. 
Figure 4.14. Flow curves for aged sols having a molar ratio of 
NO 3¯ /Al = 0.6 but different solids loadings. 
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while varying solids loading within 3.7 wt% and 
12.6 wt%. Transparency values ranged between 
96.5 % and 100 %. All recorded spectra exhibited 
only minor changes in the scanned wavelength 
interval. More pronounced changes were observed in 
sols with a lower molar ratio of NO 3¯ /Al = 0.6. As can 
be seen in Figure 4.16, dilute sols have a higher 
transparency than more concentrated ones. Sols with 
solids loading ranging from 5.0 wt% to 14.6 wt% are 
almost identical over a wide wavelength range. 
Furthermore, these sols exhibit only minor changes in 
transparency over the scanned wavelength interval. 
Increasing solids loading to 18.1 wt% gave rise to a 
sol whose transparency drops markedly from 94.5 % 
at 780 nm to 68.5 % at 380 nm. Sols with even higher 
solids loading follow the same schema, i.e. the lower 
the wavelength, the lower their transparency. This loss 
in transparency becomes more pronounced with 
increasing solids loading as can be seen in the inset in 
Figure 4.16. 
Visually, the most turbid sols resulted when 
further reducing nitrate content. A sol having a nitrate 
content of NO 3¯ /Al = 0.2 and low solids loading of 
2.4 wt% (transparency spectra not shown) shows a 
loss in transparency from 74 % at the upper IR 
boundary down to 51 % at the UV side.  
 
 
Particle size analysis 
 
Particle size of sols was measured using two 
different techniques: (i) acoustic spectrometry (AS) 
and (ii) photon correlation spectroscopy (PCS). AS 
allows measurements on undiluted samples, but 
more than 120 ml are necessary for each 
measurement. PCS measurements can be carried 
out using only 0.5 ml, but samples have to be 
sufficiently dilute, to exclude multiple scattering 
effects, as PCS is based on the single scattering 
approximation (SSA). Dilution can cause particles 
to agglomerate as electrolyte concentration is 
changed [UNG-1998]. To study the influence of 
electrolyte concentration on diluted sol samples, 
dilution experiments were carried out with water 
and nitric acid. Figure 4.17 shows the result of 
diluting a sol with a molar ratio of NO 3¯ /Al = 0.6 
and a solids loading of 25.6 wt%. Irrespective 
whether water or nitric acid were used as diluents, 
the following uniform schema was observed: The 
undiluted sol having a solids loading of 25.6 wt% 
resulted in measured particle sizes (PCS) of more 
than 10,000 nm. When solids loading was reduced 
via dilution, measured particle sizes decreased 
drastically. A plateau in measured particle size of 
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Figure 4.16. UV-vis transmission spectra of sols having a 
molar ratio of NO 3¯ /Al = 0.6 but different solids loadings, from 
Dressler et al. [DRE-2006]. 
Figure 4.15. UV-vis transmission spectra of sols having a 
molar ratio of NO 3¯ /Al = 2.2 but different solids loadings, from 
Dressler et al. [DRE-2006]. 
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39 nm ± 1 nm was reached between 0.05 wt% and 
0.5 wt% solids loading irrespective of used diluent. 
Quirantes et al. [QUI-2001] calculated the 
maximum solids loading recommendable in order 
to satisfy SSA depending on particle size and 
wavelength of the incident light. If a particle with 
40 nm in diameter is analyzed with light of 532 nm, 
which is the wavelength of the laser used in the 
PCS appliance, these authors give a limit of 0.1 
vol%. If the density of the dispersed alumina 
particles is assumed to be 4 g/cm³ and the density 
of the whole sol to be roughly 1 g/cm³, then 0.1 
vol% equal 0.4 wt%. As the above mentioned 
plateau of 39 nm ± 1 nm was reached between 
0.05 wt% and 0.5 wt%, this grade of dilution can be 
accepted in order to fulfill the requirements of the 
SSA. Hence, all measured particle sizes of samples 
with solids loadings well above this limit were 
discarded, as they are not within the limits of SSA. 
Not only samples having too high solids loadings 
but also samples with too low concentrations yield 
useless readings, as can be seen in Figure 4.17. It 
should be noted that in these very dilute samples 
intensity of scattered radiation, which is detected 
during PCS measurements, falls below sensible 
limits. As a result these values were discarded as 
well. Analogous results have been obtained in 
dilution experiments using both water and nitric 
acid in sols with starting solids loading lower than 
25.6 wt%. A sol with a starting solids loading of 
5.0 wt% (results not shown) showed the same very 
high particle size reading in the undiluted sample. 
Like in the higher concentrated sol (25.6 wt%), a 
plateau was reached between 0.05 wt% and 
0.5 wt%. Particle size at this grade of dilution was 
30 nm ± 5 nm. Furthermore, similar to the finding 
for the higher concentrated sol, no significant 
difference between the use of water and nitric acid 
was observed. Sols with much higher nitrate 
content (NO 3¯ /Al = 2.2) were analyzed with PCS as 
well. No sensible intensities of scattered light were 
detected during these particle size measurements. 
Thus PCS could not be used on these samples. This 
finding agrees well with the above given results of 
UV-vis transmission spectroscopy experiments. As 
was shown in Figure 4.15, sols with a nitrate 
content of NO 3¯ /Al = 2.2 exhibited high 
transparency values irrespective of their solids 
loading. Hence, only little amounts of incident light 
are scattered, which rendered PCS useless in trying 
to measure particle size in these sols. Sols with high 
nitrate content were analyzed in the acoustic 
spectrometer (AS). The results are given in Figure 
4.18. As can be seen, particle size of particles in 
Figure 4.17. PCS readings for particle size as a function of 
dilution with both water and nitric acid. Parent sol having a 
solids loading of 25.6 wt% and a molar ratio of NO 3¯ /Al = 0.6. 
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Figure 4.18. Particle sizes determined with both AS (median) 
and PCS (Zave) as a function of solids loading and of NO 3¯ /Al 
molar ratio, from Dressler et al. [DRE-2006]. 
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sols with NO 3¯ /Al = 2.2 increased from 5 nm to 
25 nm when solids loading was increased from 
3.7 wt% to 12.6 wt%. To allow for a comparison of 
both PCS and AS results, sols with NO 3¯ /Al = 0.6, 
which were already analyzed with PCS (results 
presented above), were analyzed with acoustic 
spectrometry as well. According to AS, increasing 
solids loading in sols with NO 3¯ /Al = 0.6 also leads 
to increased particle sizes. AS yielded a particle 
size of 10 nm for a sol with a solids loading of 
6.0 wt%. Increasing solids loading to 19.0 wt% 
gave rise to a particle size of 25 nm. The same 
value was measured for a sol with a solids loading 
of 23.9 wt%.  
 
Binder addition 
Polyvinylpyrrolidone (PVP) dissolved in water was 
added into the sols as a binder. Figure 4.19 shows 
flow curves of watery PVP solutions with different 
PVP concentrations. As can be seen, up to a PVP 
concentration of 8.0 wt% pure binder solutions 
exhibit Newtonian flow characteristics. Increasing 
PVP concentration up to 15.0 wt% provoked a 
marked shift of flow characteristics towards 
structural viscosity behavior. While 1.5 wt% PVP 
resulted in a viscosity of 4 mPas (77 s-1), a solution 
having 15.0 wt% PVP showed a more than 100-fold 
increase up to 484 mPas (77 s-1).  
Adding PVP solution into sols having a nitrate 
content of NO 3¯ /Al = 0.6 resulted in a marked 
increase in viscosity of resulting mixtures (Figure 
4.20). Sols having three different solids loadings, 
10.9 wt%, 18.1 wt% and 23.0 wt%, are depicted. 
These concentrations were chosen as sols with a 
molar ratio of NO 3¯ /Al = 0.6 showed a marked rise 
in viscosity when solids loading was increased 
above 18.0 wt%. As can be seen in Figure 4.20, the 
most dilute sol (10.9 wt%) showed the lowest 
viscosity of ~ 3 mPas. The sol with 18.1 wt% solids 
loading (~ 5 mPas) represents a transitional state 
and a sol with 23.0 wt% was the only sol with 
initial structural viscosity behavior. Adding PVP 
solution into a sol with a solids loading of 10.9 wt% 
so as to achieve a total PVP content of 1.7 wt% 
results in a mixture which still shows Newtonian 
behavior. As can be seen in Figure 4.20, viscosity 
rises from ~ 3 mPas to 16 mPas at 77 s-1. Increasing 
PVP concentration to 2.5 wt% leads to a further 
increase in viscosity up to 26 mPas at 77 s-1. The 
latter sample showed a slight structural viscosity 
Figure 4.19. Flow curves of watery solutions having different 
PVP concentrations. 
Figure 4.20. Influence of PVP on flow characteristics of sols 
having a molar ratio of NO 3¯ /Al = 0.6 but different solids 
loadings (values given for PVP-free sols).  
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effect. Viscosity falls from 26 mPas at 77 s-1 to 
22 mPas at 2500 s-1. Using a sol with 18.1 wt% 
solids loading, which has only a slightly higher 
initial viscosity of ~ 5 mPas, results in a bigger 
increase in viscosity when adding PVP. At a PVP 
concentration of 1.6 wt% viscosity reaches 28 mPas 
at 77 s-1. Increasing PVP concentration to 2.4 wt% 
resulted in comparatively strong structural viscosity 
behavior, as viscosity drops from 49 mPas at 77 s-1 
to 41 mPas at 2500 s-1. An initially non-Newtonian 
sol having a solids loading of 23.0 wt% observed 
the most pronounced structural viscosity behavior 
after addition of PVP. A total PVP concentration of 
1.5 wt% resulted in a decrease from 72 mPas 
(77 s-1) to 51 mPas (2500 s-1). Based on the 
viscosity value at 77 s-1, viscosity at 2500 s-1 
amounts to ~ 71 %. A similar relative loss in 
viscosity based on the viscosity value at a shear rate 
of 77 s-1 was found when PVP concentration was 
further increased up to 2.4 wt%. In such a sample 
viscosity is decreased from 118 mPas (77 s-1) to 
81 mPas (2500 s-1).  
Figure 4.21 summarizes viscosities taken at 
2500 s-1 of sols with different solids loadings and 
PVP concentrations. If sols have a starting solids 
loading equal or lower than ~ 18.0 wt%, viscosity 
rises by a factor of ~ 5 (~ 8), if the total PVP 
concentration is set to 1.5 wt% (2.5 wt%). A 
smaller relative increase in viscosity was observed 
for a sol with a markedly higher solids loading than 
17.0 wt%, namely 23.0 wt%. In this sample, a 
three-fold increase was found if 1.5 wt% PVP were 
added. Increasing PVP content to 2.5 wt% results in 
a five-fold increase in viscosity. As PVP was 
introduced into the sols in the form of watery 
solution containing 15.0 wt% PVP, the relative 
Al2O3 content, i.e. the solids loading, was reduced. 
This effect is illustrated by the arrows in Figure 
4.21. The initial solids loading of 23.0 wt% is 
reduced to 19.0 wt%, if a PVP concentration of 
2.5 wt% is adjusted with watery PVP solution.  
The Al speciation in sols containing PVP was 
studied as well. Figure 4.22 shows 27Al NMR 
resonances for a freshly prepared sol with a nitrate 
content of NO 3¯ /Al = 0.6 and a solids loading of 
10.0 wt%. As can be seen, no significant changes in 
Al speciation were caused by the addition of PVP at 
the investigated PVP concentrations of 0.8 wt% and 
1.6 wt%. All sols show a resonance at ~ 63 ppm, 
resulting from the central AlO4 unit of the Al13 
cation. Furthermore, resonances in the region of 
octahedral coordinated aluminum at ~ 11 ppm, 
~ 5 ppm and ~ 0 ppm were found. These 
resonances were assigned to polymerized species 
(~ 11 ppm) [NOF-2006, BER-1986], poorly 
polymerized species (~ 5 ppm) [MAS-1994, 
NOF-2006] and monomers (~ 0 ppm) [PHI-2003].  
 
Sol-suspension mixtures 
Corundum suspensions were added to sols for 
several reasons: (i) Solids loading of coating 
mixtures can be increased, which allows the 
preparation of thicker layers. (ii) Since corundum 
(alpha-Al2O3) is the thermodynamically stable 
modification of Al2O3, no phase transformation 
occurs. This reduces tensions during heat treatment 
2 4 6 8 10 12 14 16 18 20 22 24
0
20
40
60
80
100 viscosity of watery PVP solutions 
a: c(PVP) = 2.5 wt%
b: c(PVP) = 1.5 wt%
b
a
c(PVP) in wt%
 ~2.5
 ~1.5
   0
vi
sc
os
ity
 in
 m
P
as
 @
 2
50
0s
-1
c(Al2O3) in wt%
Figure 4.21. Shear rate at 2500 s-1 as a function of solids 
loading (c(Al2O3)) and PVP concentration for sols having a 
molar ratio of NO 3¯ /Al = 0.6. 
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of applied layers. As a result the risk of spallations 
can be reduced [TRO-1999].  
However, mixing of the three components, sol, 
PVP solution and corundum suspension, is a 
difficult task. Different parameters such as (i) pH 
value, (ii) solids loading of sols and corundum 
suspension and (iii) mixing ratios of the 
components have to be controlled in order to obtain 
stable sol-suspension mixtures. From these stable 
sol-suspension mixtures only the ones (i) having 
Newtonian or weak structural viscosity 
characteristics and (ii) being void of marked 
thixotropy effects, can be used as coating agents. 
One important parameter defining sol-suspension 
mixtures is the so called alumina-from-sol (A) per 
corundum-from-suspension (C) hence the A/C ratio 
(ref. methods section). As can be seen in Figure 
4.23, four different A/C ratios were chosen, 
A/C = 3, A/C = 1, A/C = 0.3 and A/C = 0.01. These 
A/C ratios were achieved using sols with two 
different solids loadings of 5.0 wt% and 17.0 wt%, 
both with a nitrate content of NO 3¯ /Al = 0.6. These 
sols were mixed with corundum suspensions having 
solids loadings of 20.0 wt% and 70.0 wt%. The first 
task was to find stable sol-suspension mixtures. pH 
value of both modified Yoldas sols and corundum 
suspension is in the range of 3.0 to 4.0. Only minor 
differences in pH value between corundum 
suspensions having 20.0 wt% and 70.0 wt% were 
found, as preparation of dilute corundum 
suspensions was carried out with pH adjusted nitric 
acid (pH = 3.0). As can be seen in Figure 4.23, 
preparing sol-suspension mixtures with highly 
concentrated corundum suspension having a solids 
loading of 70.0 wt% and modified Yoldas sols with 
a solids loading of 17.0 wt% (NO 3¯ /Al = 0.6) 
resulted in mixtures (17/70) in which visible flocs 
were found (encircled mixtures). These flocs could 
not be dispersed by mere shaking of the container. 
If reducing the sol content to A/C = 0.01, 
sol-suspension mixtures can be prepared without 
the formation of flocs (note the 10/60 mixture at 
A/C = 0.01). 17/20, 5/70 and 5/20 mixtures 
observed a short time stability up to several hours. 
After that period they showed sedimentation. The 
sediments in 17/20, 5/70 and 5/20 mixtures could 
temporarily be redispersed by shaking the 
container. The poor layer quality achievable with 
these sol-suspension mixtures and there low 
stability were the reason that no detailed study 
regarding the stability of these sol-suspension 
mixtures was carried out. However, the following 
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Figure 4.22. Influence of PVP on 27Al NMR spectra of sol s-
0.6-10.0-3.4 having a solids loading of 10.0 wt%, a pH value 
of 3.4 and a molar ratio of NO3¯ /Al = 0.6. 
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Figure 4.23. Diagram giving an overview over the 
composition of selected sol-suspension mixtures containing 
no PVP. The sol used had a molar ratio of NO 3¯ /Al = 0.6. For 
nomenclature used see methods section. 
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observations were made. 17/20 mixtures at A/C 
mixing ratios of 3, 1 and 0.3 showed the same 
sedimentation as observed for 5/20 mixtures, 
whereas sediment formation took a few minutes 
longer than in 5/20 mixtures. Within the 17/20 
series the sample having a mixing ratio of 
A/C = 0.3 showed the earliest onset of sediment 
formation.  
Mixtures like 5/20 and 5/70 are closer to the 
origin of the XA-XC plot than mixtures like 17/20 
and 17/70. This effect results from the solids 
loading of a resulting sol-suspension mixture. If a 
mixing ratio of A/C = 3 is to be achieved with sols 
having a solids loading of 17.0 wt% or 5.0 wt%, 
more sol with only 5.0 wt% solids loading has to be 
added, thus the resulting solids loading is reduced 
compared to the sol-suspension mixture obtained 
with a sol having a solids loading of 17.0 wt%. The 
relative solids content of resulting sol-suspension 
mixtures will diminish even further, if watery PVP 
solution is added as a binder.  
A corundum suspension having a solids loading 
of 20.0 wt% shows Newtonian flow characteristics 
whereas structural viscosity behavior is found in 
corundum suspensions having much higher solids 
loadings. As can be seen in Figure 4.24, doubling 
solids loading from 20.0 wt% Al2O3 to 40.0 wt% 
has only little effect on viscosity behavior. 
Pronounced structural viscosity behavior was 
recorded in a suspension having a solids loading of 
60.0 wt%. Figure 4.25 shows flow curves of a 
suspension with 20.0 wt% Al2O3 containing 
different amounts of PVP. The pure suspension has 
Newtonian flow characteristics and viscosity equals 
~ 1.5 mPas. The small hump between 119 s-1 and 
439 s-1 is of no significance as it can be attributed to 
slightly unstable conditions during the first 
measurement sequence [SOJ-2006]. Structural 
viscosity behavior was observed in a suspension 
with a PVP concentration of 1.5 wt%. A less 
pronounced structural viscosity behavior was 
observed when PVP concentration was increased to 
4.8 wt%. Figure 4.26 shows flow curves for 17/20 
and 5/20 mixtures at A/C ratios of 3, 1 and 0.3. For 
comparison the already presented flow curves of 
the pure corundum suspension with 20.0 wt% and 
the modified Yoldas sols with 5.0 wt% and 
17.0 wt% solids loading are shown as well.  
It should be noted that these mixtures had a 
limited stability, as was already reported above. 
Measuring viscosity of such seemingly highly 
unstable mixtures might result in questionable  
Figure 4.24. Flow curves for corundum suspensions having 
different solids loadings. 
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Figure 4.25. Influence of PVP on flow characteristics of a 
corundum suspension having a solids loading of 20.0 wt%. 
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Figure 4.27. Flow curves for sol-
suspension mixtures containing both (i) 
corundum suspension having a solids 
loading of 20.0 wt% and (ii) sols 
(NO 3¯ /Al = 0.6) having solids loadings of 
17.0 wt% and 5.0 wt%. Mixtures were 
prepared at different mixing ratios (A/C 
value). PVP concentration of sol-
suspension mixtures, sols and single 
suspension was ~ 1.5 wt%. 
Figure 4.28. Flow curves for sol-
suspension mixtures containing both (i) 
corundum suspension having a solids 
loading of 20.0 wt% and (ii) sols 
(NO 3¯ /Al = 0.6) having solids loadings of 
17.0 wt% and 5.0 wt%. Mixtures were 
prepared at different mixing ratios (A/C 
value). PVP concentration of sol-
suspension mixtures, sols and single 
suspension was ~ 4.8 wt%. 
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Figure 4.26. Flow curves for PVP-free 
sol-suspension mixtures containing both  
(i) corundum suspension having a solids 
loading of 20.0 wt% and (ii) sols 
(NO 3¯ /Al = 0.6) having solids loadings of 
17.0 wt% and 5.0 wt%. Mixtures were 
prepared at different mixing ratios (A/C 
value). 
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results as destabilization can be accelerated at 
increased shear rates [LAG-1997, p. 99]. 
Nevertheless, the recorded results are shown here 
for the sake of completeness. All sol-suspension 
mixtures investigated showed Newtonian flow 
characteristics. The small hump (note the scaling) 
at low shear rates is attributed to the fact that these 
low viscosities represent the lower measuring range 
of the used rheometer. Besides, as was already 
mentioned above, slightly unstable conditions 
during the first measurement sequence can explain 
these readings [SOJ-2006]. While a constant 
decrease in overall viscosity is observed when A/C 
ratio is reduced in 17/20 mixtures, no significant 
change if varying A/C mixing ratio was found in 
5/20 sol-suspension mixtures. Figure 4.27 shows 
flow curves of (i) sols, (ii) sol-suspension mixtures 
and (iii) corundum suspension; all of them 
containing 1.5 wt% PVP. It should be noted at this 
point that the solids loading given for the sol and 
the corundum suspension refer to the initial solids 
loading prior to mixing with PVP solution. This is 
of relevance as at higher PVP concentrations the 
relative Al2O3 content, thus the resulting solids 
loading, can be markedly reduced due to the fact 
that PVP is introduced as watery solution 
containing 15.0 wt% PVP. When adding corundum 
suspension containing 20.0 wt% into a sol with 
only 5.0 wt%, thus preparing a 5/20 mixture, only 
little changes were observed. Up to a mixing ratio 
of A/C = 1 only a minor increase in viscosity at low 
shear rates was observed. When increasing the 
amount of added corundum suspension, thus 
decreasing the A/C mixing ratio, a more 
pronounced increase in viscosity at low shear rates 
was observed. More pronounced changes were 
found when using a modified Yoldas sol having a 
solids loading of 17.0 wt%. A mixing ratio of 
A/C = 1 implies that almost the same amount of sol 
(17.0 wt%) was mixed with corundum suspension 
(20.0 wt%). At this mixing ratio the recorded flow 
curve has almost the same shape as if only 
corundum suspension was mixed with PVP. It is 
interesting to note that further decreasing the A/C 
mixing ratio to A/C = 0.3, thus adding even more 
corundum suspension, resulted in enhanced 
structural viscosity behavior. 
When 4.8 wt% PVP were added to (i) sols, (ii) 
sol-suspension mixtures and (iii) corundum 
suspension with 20.0 wt%, structural viscosity 
behavior was observed (ref. Figure 4.28). If the 
amount of corundum suspension is increased in a 
5/20 mixture, thus if the A/C mixing ratio is 
decreased, the shape of the resulting flow curves 
becomes more and more like the flow curve of a 
pure corundum suspension with 20.0 wt% Al2O3 
and 4.8 wt% PVP (Figure 4.28). If a sol containing 
17.0 wt% Al2O3 is mixed with corundum 
suspension containing 20.0 wt% Al2O3 (17/20 
mixture), a similar trend can be observed. A sol 
containing 17.0 wt% Al2O3 and 4.8 wt% PVP 
shows a distinct structural viscosity behavior. 
Almost the same flow curve was recorded at an 
A/C = 3 ratio. However, viscosity recorded at the 
highest shear rate of 2500 s-1 amounted to 43 mPas 
which is about 3 mPas lower than for the pure 
highly concentrated sol (17.0 wt% Al2O3) with 
4.8 wt% PVP. An intermediate A/C ratio of 0.3 
resulted in the most pronounced structural viscosity 
behavior. If only a very little amount of sol is added 
to the corundum suspension, thus resulting in an 
A/C ratio of 0.03, an almost identical flow curve 
mixture c(PVP) visible flocculation 
 in wt% A/C = 3 A/C = 1 A/C = 0.3
0 - - - 
0.7 + + + 
3.7 - - - 5/
20
 
8.0 - - - 
Table 4.3. Occurrence of flocculations in a 5/20 sol-suspension 
mixture prepared with a sol having a molar ratio of 
NO 3¯ /Al = 0.6 as a function of PVP content. 
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can be recorded, as if only corundum suspension 
with 20.0 wt% Al2O3 and 4.8 wt% PVP is analyzed. 
PVP addition does not only change viscosity but 
can also destabilize the resulting mixtures. Table 
4.3 shows results for a 5/20 mixture into which 
PVP solution containing 15.0 wt% PVP was added. 
Adding comparatively small amounts of PVP 
resulted in the formation of flocs, whereas 
increased PVP concentrations like 3.5 wt% PVP 
lead to stable sol-suspension mixtures. This effect 
will be discussed in detail in the discussion section. 
It should be noted that the results shown here refer 
to visible flocculations. It will be shown later that 
5/20 sol-suspension mixtures containing no PVP 
provoked the formation of aggregates at a 
microscopic scale.  
 
 
 
4.2  Xerogels 
 
Al speciation in xerogels 
 common test temperature for oxidation 
protection coatings used on turbine blade 
materials is ~ 1000 °C [CZE-1997]. 
Therefore, a prerogative for coatings acting as 
oxidation barriers is their ability to withstand heat 
treatments up to these temperatures without 
exhibiting spallations, which would render any 
oxidation protective ability useless. As can be seen 
in Equ. 4.1, reported in [EVA-2001] and 
[HE-2004], both elastic modulus (E0) and 
coefficient of thermal expansion (α0) are factors 
influencing the formation of tensions (σ0) in thin 
layers which, having a certain poisson ratio (ν), are 
heated to elvated temperatures (ΔT) .  
 
)1/(TE000 ν−ΔαΔ=σ   Equ. 4.1 
 
The tensions resulting from the interplay of thermal 
expansion and elastic modulus can be enhanced by 
phase transformation induced shrinkages. Hence, a 
detailed knowledge of phase transformation 
behavior is vital for tailoring proper protective 
coatings. In addition to these mechanical issues the 
different transitional aluminas show different 
chemical properties which add to the complex 
interplay between applied layers and base materials. 
Hence, xerogels resulting from alumina sols have 
been subject to extensive investigations regarding 
their phase composition and phase transformation 
at elevated temperatures. The results will be given 
in the following section.  
Similar to the studies of alumina sols, the 
influence of nitrate content, solids loading and pH 
value on Al speciation of xerogels was investigated. 
Two different categories of samples were analyzed: 
(i) Samples with high solids loading (~ 5…13 wt%) 
and (ii) samples with low solids loading 
(~ 0.2 wt%). The samples in these categories had 
comparable nitrate contents, but due to the different 
solids loading their pH values differed. Samples 
were heated to four different temperatures: 120 °C 
(xerogel preparation temperature), 500 °C, 850 °C 
and 1150 °C.  
Figure 4.29 shows 27Al MAS NMR spectra of 
xerogels which were prepared according to the 
schema described in the experimental section. 
Thus, the maximum temperature to which these 
xerogels were exposed to was 120 °C. All spectra 
shown are normalized with respect to the strongest 
signal of six-fold coordinated aluminum in each 
A 
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spectrum which was the signal ranging between 
-10.0 ppm and 10.0 ppm. It is useful to distinguish 
three regions in 27Al MAS NMR spectra. Accosta et 
al. [ACO-1994] assigned the signals within the 
ranges (i) -10 ppm to 20 ppm, (ii) 30 ppm to 
40 ppm and (iii) 50 ppm to 80 ppm to six-fold 
coordinated (AlO6), five-fold coordinated (AlO5) 
and four-fold coordinated (AlO4) aluminum 
respectively.  
 
Heat treatment to 120 °C 
In Figure 4.29.a spectra of xerogels having a solids 
loading between roughly 5 wt% and 13 wt% are 
shown. The region of four-fold coordinated 
aluminum (50.0 ppm to 80.0 ppm) is enlarged as 
the signals were weak compared to the signals 
originating from six-fold coordinated aluminum 
(-10 ppm to 20 ppm). All xerogels (x120-2.2-9.8-
1.0, x120-0.5-13.1-3.3 and x120-0.2-6.0-4.9) 
exhibit signals originating from six-fold 
coordinated aluminum. The xerogel with the 
highest molar ratio of NO 3¯ /Al = 2.2 (sample x120-
2.2-9.8-1.0) has its strongest signal at -1.2 ppm 
followed by three additional shoulders at -0.2 ppm, 
3.5 ppm and 8.7 ppm. Apart from a signal 
attributed to a spinning side band at ~ 79 ppm no 
further peaks were detected. The xerogel having a 
medium nitrate content of NO 3¯ /Al ~ 0.6 (x120-0.5-
13.1-3.3) observed the broadest of all signals in the 
range of six-fold coordinated aluminum. Two 
distinct peaks at 3.5 ppm and 8.7 ppm were found. 
Furthermore, signals originating from five-fold 
(31.8 ppm) and four-fold (65.3 ppm) coordinated 
aluminum were found. The xerogel with the lowest 
nitrate content of NO 3¯ /Al = 0.2 (x120-0.2-6.0-4.9) 
showed only a signal at 8.5 ppm, which is followed 
by a peak at 62.4 ppm attributable to four-fold 
coordinated aluminum.  
Figure 4.29.b shows 27Al MAS NMR spectra for 
xerogels originating from sols with much lower 
solids content of around ~ 0.2 wt%. The two 
xerogel samples x120-1.2-0.1-4.1 and x120-0.5-
0.3-4.3 show resonances originating from four-fold 
(~ 62 ppm), five-fold (~ 32 ppm) and six-fold 
coordinated (8.4 ppm) aluminum. It should be 
noted that sample x120-0.5-0.3-4.3 only had a 
barely recognizable resonance at ~ 32 ppm (note 
the scaling) for five-fold coordinated aluminum. In 
contrast to sample x120-0.5-0.3-4.3 sample x120-
1.2-0.1-4.1 exhibited a shoulder at ~ 4 ppm.  
 
Heat treatment to 500 °C 
Heat treating xerogel samples to 500 °C resulted in 
marked changes of Al speciation as can be seen in 
Figure 4.30. All above described differences in 
speciation of six-fold coordinated aluminum 
 
Figure 4.29. 27Al MAS NMR spectra for xerogels after heat treatment at 120 °C originating from sols with different NO 3¯ /Al molar 
ratios but comparable high solids content of c(Al2O3) between a) ~ 5…13 wt% and b) ~ 0.2 wt% (note the different y-axis scaling). 
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disappeared. All xerogels resulting from 
concentrated sols (~ 5…13 wt%), which are shown 
in Figure 4.30.a, only have one signal at ~ 8 ppm. 
The same equalizing effect of heat treatment on the 
state of six-fold coordinated aluminum was 
observed for xerogels resulting from dilute sols 
(~ 0.2 wt%), which (x500-0.5-0.3-4.3, x500-1.2-
0.1-4.1) showed only one symmetric peak at 
8.1 ppm (Figure 4.30.b). Not only aluminum being 
six-fold coordinated underwent distinct changes, 
but signals of AlO4 and AlO5 changed as well. The 
following trend was observed in xerogels 
originating from concentrated sols (~ 5…13 wt%): 
While sample x500-2.3-4.7-2.7, whose parent sol 
had the highest nitrate content of NO 3¯ /Al ~ 2.2, 
showed only a barely recognizable signal of AlO5 
after heat treatment at 120 °C (spectra not shown), 
heating to 500 °C resulted in the highest relative 
signal of AlO5 (note the scaling) of all samples. The 
second highest relative AlO5 signal was detected in 
x500-0.6-9.7-3.4 and the lowest in xerogel x500-
0.2-6.0-4.9 whose parent sol had the lowest molar 
ratio (NO 3¯ /Al = 0.2) of all samples discussed in 
this section. While at 120 °C AlO5 resonances were 
detected only in some samples, all 500 °C spectra 
for xerogels originating from concentrated sols 
(~ 5…13 wt%) depicted in Figure 4.30.a exhibited 
AlO5 resonances. The relative signal for AlO5 in 
sample x500-0.6-9.7-3.4, observed an increase in 
relative signal hight and a shift from 31.8 ppm to 
34.6 ppm compared to spectra after heat treatment 
at 120 °C (x120-0.5-13.1-3.3).  
The same increase in relative peak height and a 
similar shift towards higher chemical shifts was 
observed in the xerogels resulting from sols with 
much lower solids loading (~ 0.2 wt%). While the 
120 °C spectra of the low solids loading samples 
(x120-0.5-0.3-4.3 and x120-1.2-0.1-4.1) only had 
weak relative peak heights at ~ 32 ppm (AlO5), 
heating to 500 °C resulted in much more 
pronounced resonances at ~ 35 ppm (note the 
scaling). Similar to xerogels originating from 
higher concentrated sols (~ 5…13 wt%) the highest 
relative peak height of AlO5 resonances was found 
in the xerogel originating from the sol with the 
highest nitrate content. Thus, the spectrum of 
sample x500-1.2-0.1-4.1 showed a higher relative 
AlO5 peak height than x500-0.6-0.3-4.3.  
Irrespective of solids loading of parent sols, the 
resonances of AlO4 increased in all five samples 
depicted in Figure 4.30. The relative peak heights 
for AlO4 in samples x500-0.5-0.3-4.3 and x500-1.2-
0.1-4.1 increased to the same value. In contrast, 
relative peak height for samples originating from 
Figure 4.30. 27Al MAS NMR spectra for xerogels after heat 
treatment at 500 °C originating from sols with different 
NO 3¯ /Al molar ratios but comparable solids content of 
c(Al2O3) between a) ~ 5…13 wt% and b) ~ 0.2 wt%. 
Figure 4.31. 27Al MAS NMR spectra for xerogels after heat 
treatment at 850 °C originating from sols with different 
NO 3¯ /Al molar ratios but comparable solids content c(Al2O3) 
of a) ~ 5…13 wt% and b) ~ 0.2 wt%. 
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higher concentrated sols (x500-2.3-4.7-2.7, x500-
0.6-9.7-3.4 and x500-0.2-6.0-4.9), decreased with 
decreasing nitrate content of parent sols. 
Furthermore, with decreasing nitrate content of 
parent sols the latter three samples showed a trend 
towards slightly higher chemical shifts, namely 
62.1 ppm, 63.8 ppm and 66.8 ppm.  
 
Heat treatment to 850 °C 
Heating to 850 °C led to almost identical spectra for 
all five xerogel samples as can be seen in Figure 4.31. 
Only resonances attributable to four- and six-fold 
coordinated aluminum were found. Compared to 
spectra of samples heat treated at 500 °C peak 
positions shifted slightly from ~ 8 ppm to ~ 9 ppm for 
xerogels originating from both dilute sols (~ 0.2 wt%) 
and sols having a much higher solids loading 
(~ 5…13 wt%). The signal originating from four-fold 
coordinated aluminum was found for all five xerogel 
samples at ~ 66 ppm.  
 
Heat treatment to 1150 °C 
Although having identical 27Al MAS NMR spectra 
after heating to 850 °C, further increasing heat 
treating temperature to 1150 °C again revealed 
differences between the five xerogel samples. Three 
different patterns can be distinguished. (i) Xerogel 
samples originating from dilute sols (~ 0.2 wt%) show 
identical spectra. A sharp signal at 7.9 ppm as well as 
a shoulder at 13.6 ppm, both resulting from 
coordinated aluminum. (ii) In the group of xerogels 
originating from concentrated sols the xerogel 
samples with the highest and the medium nitrate 
content (x1150-2.3-4.7-2.7 and x1150-0.6-9.7-3.4) 
showed only one distinct AlO6 resonance in their 27Al 
MAS NMR spectra. As can be seen in Figure 4.32, a 
sharp and very symmetric resonance at 13.9 ppm was 
detected, only followed by a barely recognizable 
shoulder at 32.4 ppm resulting from five-fold 
coordinated aluminum. (iii) Xerogel (x1150-0.2-6.0-
4.9) originating from one of the higher concentrated 
sols (~ 5…13 wt%) and having the lowest molar ratio 
of NO 3¯ /Al = 0.2 had two distinct peaks in the region 
of six-fold coordinated aluminum, namely at 8.2 ppm 
and at 13.9 ppm. The highest relative signal was 
found at 13.9 ppm. Like both xerogels x1150-2.3-4.7-
2.7 and x1150-0.6-9.7-3.4 a small shoulder 
originating from five-fold coordinated aluminum was 
found at 32.4 ppm. In contrast to these two samples 
(x1150-2.3-4.7-2.7 and x1150-0.6-9.7-3.4), xerogel 
x1150-0.2-6.0-4.9 showed a marked signal at 
67.5 ppm, indicating the presence of four-fold 
coordinated aluminum.  
 
DTA/TG results 
The differences in Al speciation being found via 27Al 
MAS NMR are reflected in different phase 
transformation and thermal decomposition charac-
teristics detected with differential thermal analysis 
(DTA) and differential thermo gravimetrie (DTG). 
Figure 4.33 shows DTA and DTG data for xerogel 
samples, whose 27Al MAS NMR spectra were shown 
above (x120-2.2-9.8-1.0, x120-0.5-13.1-3.3, x120-
0.2-6.0-4.9 and x120-1.2-0.1-4.1, x120-0.5-0.3-4.3). 
While C-series samples originate from concentrated 
sols (~ 5…13 wt%), D-series xerogel samples have 
dilute parent sols (~ 0.2 wt%). 
Figure 4.32.  27Al MAS NMR spectra for xerogels after heat 
treatment at 1150 °C originating from sols with different 
NO 3¯ /Al molar ratios but comparable solids content c(Al2O3) 
of  a) ~ 5…13 wt% and b) ~ 0.2 wt%. 
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Figure 4.33. DTA and DTG results for xerogels originating from sols with different NO 3¯ /Al molar ratios compared to commercial 
boehmite and aluminum nitrate (as received). Solids content of the sols were a) c(Al2O3) ~ 5…13 wt% and b) c(Al2O3) ~ 0.2 wt%. 
(curves are scaled with respect to DTA/DTG plot of NO 3¯ /Al = 2.2, T < 600 °C). 
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Furthermore, the DTA and DTG results of the two 
extremes: (i) pure aluminum nitrate (Al(NO3)3•9H2O, 
as received) having a molar ratio of NO 3¯ /Al = 3.0 
and (ii) commercial boehmite are shown. 
 
Aluminum nitrate and C-series samples 
Aluminum nitrate and xerogels originating from 
C-series sols having a molar ratio between 
0.6 ≤ NO 3¯ /Al ≤ 2.2 allowed to distinguish four 
general temperature ranges as can be seen in Figure 
4.33: (i) up to ~ 380 °C endothermic peaks appear 
which form a complex pattern, (ii) at ~ 490 °C a 
very small exothermic signal is detected, which can 
be seen best for the xerogel originating from a sol 
with NO 3¯ /Al ~ 0.6, (iii) between 800 °C and 
900 °C another exothermic peak appears followed 
by (iv) an exothermic signal above 1100 °C. It 
should be noted that all DTA curves presented in 
Figure 4.33 were scaled with respect to sample 
mass in order to allow a direct comparison of peak 
heights.  
 
Aluminum nitrate: In addition to DTA peaks in the 
four above mentioned temperature ranges, two 
comparatively sharp endothermic signals in the 
temperature range below 380 °C, namely at 82 °C 
and 156 °C were found during analysis of 
aluminum nitrate as received. No discernible signal 
around ~ 490 °C was found, but exothermic peaks 
at 890 °C and 1157 °C.  
 
NO 3¯ /Al = 2.2: A much broader endothermic signal 
with a maximum at 155 °C was observed in a 
xerogel originating from a C-series sol (9.8 wt%) 
with NO 3¯ /Al = 2.2. This sample exhibited a barely 
recognizable exothermic signal at ~ 500 °C, 
followed by two other ones at 885 °C and 1137 °C. 
In addition, this sample showed a step in its DTA 
curve at ~ 1100 °C, which points to a sintering 
effect. This interpretation is supported by the fact 
that other xerogels yielded powdery residues after 
thermal analysis up to 1230 °C whereas this sample 
had a compact appearance.  
As was already mentioned in the experimental 
section, it was found that samples originating from 
sols having molar ratios of NO 3¯ /Al ≥ 1.5 showed a 
marked hygroscopicity. In order to investigate the 
effect of water absorption, a sol having a molar 
ratio of NO 3¯ /Al = 2.0 and having a solids loading 
of 10.0 wt% was transferred into a xerogel, which 
in turn was split into two separate samples. One 
was immediately analyzed in the DTA. The 
remaining part was aged for 65 d in a tightly sealed 
receptacle at room temperature and ambient air. 
When the sample was analyzed immediately after 
preparation it showed the set of endothermic signals 
at higher temperatures, namely at ~ 254 °C. Instead, 
the aged sample exhibited its maximum of 
endothermic peaks at 155 °C. Apart from these 
differences at comparatively low temperatures, the 
same DTA patterns as already shown in Figure 
4.33.a were observed in the aged and fresh xerogel 
sample. No significant difference in the position of 
the exothermic peak between 800 °C and 900 °C 
and the last exothermic peak at ~ 1150 °C could be 
observed.  
A fact pointing towards the influence of water 
on these hygroscopic xerogels is the observed 
difference in mass loss during thermal analysis. 
Between room temperature and 1230 °C the fresh 
xerogel observed a mass loss of 63 wt% while the 
aged sample lost 75 wt% which is indicative of 
water incorporation or adsorption. Shifts in peak 
positions of endothermic signals to lower 
temperatures and increases in detected mass losses 
could be found as early as after aging for only 1 h 
at 100 % relative humidity.  
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NO 3¯ /Al ∼ 0.6: No hygroscopic behavior was 
observed in a sample whose parent sol had a nitrate 
content of NO 3¯ /Al = 0.5 and a solids loading of 
13.1 wt% (x120-0.5-13.1-0.6). The first set of 
endothermic signals was found in such a sample at 
a temperature of 253 °C, as can be seen in Figure 
4.33.a. As with the xerogel originating from a sol 
with NO 3¯ /Al = 2.2, three exothermic peaks were 
detected at temperatures higher than 253 °C, 
namely at 494 °C, 845 °C and 1146 °C.  
 
NO 3¯ /Al = 0.2: Markedly different DTA patterns 
can be seen in the xerogel having a parent sol with 
a nitrate content of NO 3¯ /Al = 0.2 and a solids 
loading of 6.0 wt% (x120-0.2-6.0-4.9). This xerogel 
sample showed two endothermic signals in the 
temperature range below 380 °C. The first signal 
appeared at 92 °C and the second at ~ 334 °C. 
Apart from an exothermic signal at 1133 °C, no 
further exothermic reactions took place at ~ 490 °C 
or between 800 °C and 900 °C.  
 
Boehmite: From a qualitative perspective the same 
DTA pattern was observed in a commercial 
boehmite powder (Disperal P2). The two major 
endothermic signals lay at 91 °C and at 417 °C. A 
third comparatively weak but marked endothermic 
signal appeared at 272 °C. Neither endo- nor 
exothermic reactions were detected between 500 °C 
and 900 °C. Only at a temperature of 1186 °C a last 
exothermic signal was found.  
Figure 4.33.a not only shows DTA but also 
DTG data. Apart from DTA peaks above ~ 500 °C 
all other above described DTA signals have a 
corresponding DTG signal. An exception being the 
first sharp endothermic signal in the DTA curve of 
aluminum nitrate at 82 °C. Only a minor DTG 
signal was found in that region which furthermore 
has its maximum at a lower temperature than 82 °C. 
In fact, this small DTG signal seems to correspond 
to the barely recognizable endothermic signal at 
~ 79 °C.  
 
D-series samples 
Apart from C-series sols, having solids loadings in 
the range of ~ 5 wt% to ~ 13 wt% whose DTA and 
DTG results were described above, also xerogels 
originating from sols with much lower solids 
loading like ~ 0.2 wt% (D-series) were analyzed. 
As can be seen in Figure 4.33.b, a sol having a 
solids loading of 0.1 wt% and a molar ratio of 
NO 3¯ /Al = 1.2 showed one distinct endothermic 
signal at 284 °C and no exothermic peak at 
~ 490 °C. However, two weak exothermic signals 
at 854 °C and at 1158 °C were found (note the 
scaling factor).  
A dilute sol having a nitrate content of 
NO 3¯ /Al ~ 0.6 and a solids loading of 0.3 wt% 
exhibited a markedly different behavior. A weak 
exothermic signal was found at 239 °C, which is 
followed by only one further signal at 1162 °C. No 
discernible signal between 800 °C and 900 °C was 
found.  
The same correspondence between DTG and 
DTA signals as found for xerogels originating from 
C-series sols can be observed for the latter two 
described D-series xerogel samples.  
 
Peak temperature between 800 °C and 900 °C  
As was already shown above, some xerogels did 
not exhibit an exothermic peak between 800 °C and 
900 °C. Furthermore, there seems to be a trend 
towards lower peak temperatures of the exothermic 
signal between 800 °C and 900 °C if NO 3¯ /Al molar 
ratio is reduced. This idea is further supported by 
Figure 4.34 which shows DTA data of additional 
experiments. It can be seen that the xerogels 
originating from sols with the highest nitrate 
content exhibited an exothermic signal at almost 
900 °C. In contrast, xerogel samples whose parent 
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sols had a much lower NO 3¯ /Al molar ratio show an 
exothermic signal at around ~ 813 °C. Xerogels 
originating from sols with even lower nitrate 
content did not exhibit any exothermic signal 
between 800 °C and 900 °C. No significant 
influence of parent sol nitrate content on the last 
exothermic peak above 1100 °C could be found. 
Peak temperatures scattered between ~ 1100 °C and 
~ 1160 °C. Figure 4.34 also comprises data of the 
C-series and D-series samples introduced above, 
thus at a given nitrate content sols with much lower 
solids loading were analyzed. As was shown above, 
decreased solids loading at a given nitrate content 
leads to increased pH value, which is shown as 
well. From the pH data presented in Figure 4.34 it 
can be surmised that pH value has no major 
influence on the position of the peak between 
800 °C and 900 °C. This is illustrated in the data 
marked with two circles. While pH value ranged 
between 1 and 3, the peak positions of the 
exothermic peaks under consideration varied only 
between 893 °C and 880 °C. Furthermore, xerogels 
originating from sols with similar pH values 
showed markedly different peak positions between 
800 °C and 900 °C when nitrate content was 
reduced. This behavior is illustrated by samples A 
and B whose parent sols had a pH value of ~ 4 
while nitrate content differed markedly. Sample A 
resulted from a parent sol with a nitrate content of 
NO 3¯ /Al = 0.5 while sample B originated from a sol 
having NO 3¯ /Al = 1.2. Sample A showed an 
exothermic peak at 800 °C while sample B 
exhibited one at 875 °C.  
 
Weight loss 
Curves depicted in Figure 4.33 differed not only 
with respect to peak positions but also in peak 
amplitude, which is reflected in the use of different 
scaling factors. Table 4.4 gives weight loss data for 
xerogels having been analyzed with DTG. The 
highest weight loss was observed for aluminum 
nitrate, which lost 87 % of its initial mass when 
heated to 1230 °C. C-series samples followed a 
trend of reduced mass losses between room 
temperature and 1230 °C when reducing nitrate 
content. The lowest mass loss was found in sample 
x-0.2-6.0-4.9 which lost 45 %. D-series samples 
qualitatively follow the same schema. While 
sample x-1.2-0.1-4.1 lost 51 %, sample x-0.5-0.3-
4.3 showed a mass loss of only 37 %. It can be seen 
that at similar nitrate contents D-series samples 
exhibited a markedly lower mass loss than C-series 
samples. The lowest mass loss values were found in 
the two commercial boehmite samples Plural and 
Disperal. Plural which is a pure boehmite lost only 
18 % when heated to 1230 °C. Disperal exhibited a 
weight loss of 28 % which is the second lowest 
weight loss of all samples analyzed. Some authors 
[AGU-2005, DEN-2002] use mass loss data 
between certain temperature intervals to verify the 
presence of different alumina phases. As can be 
seen in Table 4.4 the highest weight loss between 
400 °C and 500 °C was observed for a pure 
boehmite sample (Plural), which lost 11 % within 
this particular temperature range (based on sample 
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function of NO 3¯ /Al molar ratio. Solids content of the sols 
ranged between 0.1 < c(Al2O3) < 12.0 wt%. 
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mass at 400 °C). The lowest weight loss between 
400 °C and 500 °C was observed for C-series 
samples having a nitrate content between 
0.5 ≤ NO 3¯ /Al ≤ 3.0. D-series samples showed a 
weight loss of ~ 9 % which is similar to the 
findings for commercial boehmite.  
 
Mass spectrometry  
During DTA the composition of evolving gases was 
investigated using mass spectrometry (MS). Figure 
4.35 shows the recorded MS signals for H2O, NO2 
and CO2. Recorded MS peak heights were scaled 
with respect to sample mass, in order to allow for a 
direct comparison of peak heights. The largest 
endothermic DTA peak observed for aluminum 
nitrate at 156 °C corresponds to a MS signal for 
H2O. The very small endothermic signal at ~ 79 °C, 
which precedes the small but marked endothermic 
signal at 82 °C (Figure 4.33), coincides with a small 
MS signal at 78 °C. At 202 °C a CO2 signal and at 
265 °C a NO2 signal were detected. A second small 
NO2 signal can be seen at 503 °C. Almost the same 
MS peak positions for H2O, NO2 and CO2 were 
found for a xerogel originating from a sol with 
5.0 wt% solids loading and having a nitrate content 
of NO 3¯ /Al = 2.2. As nitrate content of parent sols 
is decreasing from NO 3¯ /Al = 2.2 to NO 3¯ /Al = 0.6, 
MS peak temperatures increase according to the 
also increasing DTA peak temperatures between 
room temperature and ~ 490 °C (ref. Figure 4.33). 
As can be seen in Figure 4.35, a xerogel originating 
from a C-series sol having a nitrate content of 
NO 3¯ /Al = 0.6 showed its H2O, NO2 and CO2 
signals at 272 °C, 314 °C and 320 °C accordingly. 
Similar to the NO2 signal for aluminum nitrate a 
second small NO2 signal at 487 °C was found. It 
should be noted that the H2O signal of the latter 
described xerogel sample was up scaled by a factor 
  parent  sol  xerogel  
  pH c(Al2O3) NO 3¯ /Al  Δm in wt% Δm1 in wt%           name 
   in wt%  RT - 1230 °C 400 - 500 °C  
 - - 3.0 -87 -3 aluminum nitrate 
 1.0 9.8 2.2 -76 -3 x120-2.2-9.8-1.0 
 2.4 9.3 1.6 -71 -4  
 3.3 13.1 0.5 -55 -6 x120-0.5-13.1-3.3 
 3.8 7.9 0.5 -46 -9  
 
C-series 
4.9 6.0 0.2 -45 -9 x120-0.2-6.0-4.9 
 4.1 0.1 1.22 -51 -8 x120-1.2-0.1-4.1 
 
D-series 
4.3 0.3 0.5 -37 -9 x120-0.5-0.3-4.3 
    Plural -18 -11  
    Disperal -28 -8  
 1) based on sample mass at 400 °C, 2) big difference between values obtained using synthesis data (2.2) and DTA values (1.2) 
 
Table 4.4. Effect of NO 3¯ /Al molar ratio on weight loss. 
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Figure 4.35. MS spectrometer data for CO2, NO2 and H2O for 
xerogels originating from sols with different NO 3¯ /Al molar 
ratios (numbers on curves). Solids content of the sols (except 
aluminum nitrate as received) was c(Al2O3) ~ 5…13 wt%. 
Scaling factors refer to the curve of NO 3¯ /Al = 2.2. 
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of four. The same scaling factor for H2O signal was 
used in the C-series xerogel sample depicted in 
Figure 4.35, originating from a sol having a nitrate 
content of only NO 3¯ /Al = 0.2. As with the DTA 
data presented above, this xerogel exhibited a 
qualitatively different MS signal pattern. A weak 
(note the scaling factor) and broad H2O signal having 
a marked peak at 110 °C was found. The broad NO2 
signal centered around 387 °C was also found to be 
comparatively weak. A barely discernible CO2 signal 
was detected at 294 °C. For the sake of clarity the 
above given MS peak temperatures for each detected 
compound (H2O, NO2 and CO2) are summarized in 
Table 4.5. It is interesting to note that above 500 °C 
very weak but still discernable MS signals could be 
found. As can be seen in Table 4.5, aluminum nitrate 
showed a NO2 signal at 848 °C. The same applies for 
the C-series xerogels originating from sols having 
NO 3¯ /Al molar ratios of 2.2 and 0.6, where NO2 
signals were detected at 875 °C and 736 °C 
accordingly.  
 
X-ray diffraction  
X-ray diffraction data shown in Figure 4.36 further 
illustrate the already described differences in 27Al 
MAS NMR, DTA and MS results. C-series sample 
x120-2.3-4.7-2.7, having a parent sol with 
NO 3¯ /Al ~ 2.2, was amorphous. So was the 
corresponding sample after heat treatment to 500 °C 
(x500-2.3-4.7-2.7). After heating to 850 °C, broad 
reflexes of transition aluminas which are indicated by 
“t”, were detected. Heating to 1150 °C resulted in the 
formation of alpha-Al2O3.  
Qualitatively different XRD patterns were 
observed in a C-series sample (x-0.2-6.0-4.9) whose 
parent sol had a nitrate content of NO 3¯ /Al = 0.2. 
Already after preparing this xerogel at 120 °C (x120-
0.2-6.0-4.9), reflexes assignable to boehmite, which 
are marked “b”, were detected. Heating to 500 °C 
provoked the disappearance of these signals, while 
transitional alumina signals were found. These 
reflexes became somewhat sharper upon increasing 
heat treatment temperature to 850 °C (x850-0.2-6.0-
4.9). Heating this xerogel to 1150 °C did not lead to a 
complete transformation into alpha-Al2O3, as can be 
seen in the XRD pattern resulting from x1150-0.2-
6.0-4.9. Still, some theta-Al2O3 existed in this sample.  
 
Xerogels derived from aged sol samples  
Similar to the investigation of Al speciation in 
alumina sols, aged sols were transferred into xerogels 
to study the influence of aging onto Al speciation in 
xerogels. No significant difference in DTA curve 
(data not shown) between xerogel samples prepared 
from freshly prepared or aged sols could be found. 
Figure 4.37 shows data for a sol having a nitrate 
content of NO 3¯ /Al = 0.7 and a solids loading of 
12.0 wt%. As was already shown above, a manifold 
of six-fold coordinated aluminum (~ 0 ppm) could be 
detected via 27Al NMR. Four-fold coordinated 
aluminum (~ 63 ppm), being indicative of the central 
AlO4 building block of the Al13 polycation, was 
observed as well. Transferring this freshly prepared 
sol into a xerogel resulted in a 27Al MAS NMR 
spectrum which revealed the presence of aluminum 
being four-, five- and six-fold coordinated. Aging the 
same sol for 3.5 months resulted in a decrease in 
signal height at ~ 63 ppm. Thus, only six-fold 
coordinated aluminum species (~ 0 ppm) were left in 
this sample. After transferring this aged sol into a 
                NO 3¯ /Al 
   3 2.2 0.6 0.2 
H2O 
78 
166 177 272 110 
NO2 
265 
503 
848 
258 
510 
875 
314 
487 
736 
387 
pe
ak
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os
iti
on
 in
 °C
 
CO2 202 239 320 294 
 
 
Table 4.5. Peak positions of recorded MS signals. 
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Figure 4.36. XRD spectra of xerogels after heat treatment at different temperatures. Parent sols have different NO 3¯ /Al 
molar ratios (2.3 and 0.2) but comparable solids loadings (4.7 wt% and 6.0 wt%). 
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xerogel according to the procedure described in the 
experimental section, an 27Al MAS NMR spectrum 
almost identical to the one for the xerogel prepared 
from the fresh sol was recorded 
 
Xerogels derived from sol-suspension 
mixtures and Cu/Fe-doped sols 
As already mentioned earlier on, corundum 
suspension was added into sols in order to reduce 
shrinkages during drying. The following section 
deals with the effects on thermal evolution recorded 
with DTA and dilatometry. Figure 4.38 shows the 
effect of increasing corundum suspension contents 
which correspond to decreasing A/C molar ratios. 
In the temperature range below 500 °C addition of 
only small quantities of corundum suspension, thus 
resulting in an A/C mixing ratio of A/C = 40, has 
little effect on the thermal evolution. The recorded 
DTA pattern is almost identical to the curve of a 
xerogel containing no corundum suspension 
(A/C = inf.). In both DTA curves the maximum of 
the broad endothermic peak can be found at a 
temperature of ~ 250 °C. The same little effect of 
corundum suspension on thermal evolution below 
500 °C was observed for mixing ratios of A/C = 3 
and 1. In the xerogel with the highest corundum 
suspension content (A/C = 0.3) the smallest 
endothermic signal was recorded. It is interesting to 
note that the small exothermic signal recorded at 
~ 500 °C disappeared when corundum suspension 
was added in only small quantities like A/C = 40. 
Only a broad hump can be seen in the corundum 
suspension containing samples at 500 °C.  
At temperatures higher than 500 °C distinct 
changes were found in peak temperatures. As 
shown in Figure 4.38, an undoped xerogel 
(A/C = inf.) shows exothermic peaks at 842 °C and 
at 1140 °C. Addition of corundum suspension in 
small quantities like at A/C = 40 provokes a distinct 
shift of the last exothermic signal to temperatures 
as low as 981 °C. The same temperature has been 
recorded at higher mixing ratios like A/C = 3 and 
A/C = 1. In the sample with the highest corundum 
suspension concentration, i.e. at A/C = 0.3, only a 
small hump can be distinguished at this 
temperature. The reason might be that the signal for 
this peak became too weak to be detectable as the 
sol content was to small at that A/C ratio. Apart 
from addition of corundum particles experiments 
with xerogels doped simultaneously with Cu and Fe 
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Figure 4.37. 27Al NMR and 27Al MAS NMR spectra for a 
freshly prepared and an aged sample. Note the identical 27Al 
MAS NMR spectra. The xerogel was annealed at 120 °C and 
originates from a sol (s-0.7-12.0-3.1) with NO 3¯ /Al = 0.7, 
c(Al2O3) = 12.0 wt% and a pH = 3.1. 
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Figure 4.38. Influence of corundum seed concentration (A/C 
mixing ratio) on DTA plots. Molar ratio of sols used was 
NO 3¯ /Al ~ 0.6, pH values ranged between 3.3 and 3.6.  
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have been carried out as well. Figure 4.39 shows 
DTA peak temperatures depending on dopant 
concentration. The base sol used was s-0.6-16.0-
3.2. If adding only 0.2 mol% Fe or Cu, based on 
Al2O3 content no significant shift in DTA peak 
position will take place. Increasing dopant 
concentration to 2.0 mol% resulted in a marked 
shift of the DTA peak observable above 1000 °C by 
more than 100 °C, from 1150 °C to 1030 °C, when 
doping sol s-0.6-16.0-3.2 with Fe. Fe seems to be 
the more effective dopant for reducing peak 
temperature of the exothermic DTA peak above 
1000 °C. Addition of 2.0 mol% Cu led only to a 
decrease in peak temperature about ~ 50 °C, from 
1150 °C to 1100 °C. No apparent trend of influence 
for both Cu and Fe was observed in the position of 
the exothermic DTA peak between 800 °C and 
900 °C. Cu-doping seems to increase the peak 
temperature from 838 °C to 876 °C if 2.0 mol% 
were added. In small quantities Fe-doping resulted 
in a slight increase in the peak temperature, 
whereas the sample containing 2.0 mol% Fe had the 
same peak temperature of 841 °C as the undoped 
sample. No influence of seeding with Fe on DTA 
peak shape was found in this work. The same 
applies for low Cu contents like 0.2 mol% 
Cu/Al2O3. If increasing the Cu content to 2.0 mol% 
Cu/Al2O3 a distinct step after the last exothermic 
peak at 1092 °C was recorded in the DTA plot. 
 
Influence of PVP 
Addition of PVP was investigated for coating 
relevant sols and sol-suspensions only. It was found 
that 0.8 wt% PVP into sol s-0.6-17.0-3.2 had no 
significant influence on either peak shape or peak 
temperature (DTA plot not shown). When 
increasing PVP content to 3.7 wt% no more 
endothermic but two exothermic DTA signals were 
recorded in the temperature range below 500 °C 
(DTA plot not shown). These peaks can be 
attributed to the burnout of PVP or PVP fragments. 
The first one appeared at 214 °C followed by the 
strongest exothermic signal at ~ 380 °C. A shoulder 
was found at ~ 490 °C as well. Like observed in the 
sample having a PVP content of 0.8 wt% peak 
temperature and peak shape of exothermic signals 
above 500 °C did not change when adding 3.7 wt% 
PVP.  
DTA and dilatometric analysis of coating 
relevant sol-suspension mixtures having low A/C 
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Figure 4.39. Influence of Cu- and Fe-doping on peak 
temperature of corundum transformation (Tpeak > 1000 °C) and 
temperature of exothermic peak between 800 °C and 900 °C. 
Cu and Fe contents are based on Al2O3 content. Base sol: s-
0.6-16.0-3.2. 
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Figure 4.40. Influence of NO 3¯ /Al molar ratio of parent sols on 
shrinkage behavior. 
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mixing ratios like A/C = 0.01 was hindered as these 
mixtures contained only a very small amount of sol. 
Hence the major part of these xerogel samples 
consisted of corundum which does not show any 
more phase changes. As a result the signals caused 
by transformations of the very small amount of the 
sol component were hard to detect. However, the 
same general observation as for sols containing 
PVP was made, i.e. increased PVP contents 
resulted in pronounced exothermic signals in the 
temperature range below 500 °C.  
 
Dilatometry of xerogels 
Figure 4.40 shows shrinkage curves and their 
derivatives with respect to temperature of xerogels 
having parent sols with a nitrate content of 
NO 3¯ /Al = 0.6 and NO 3¯ /Al = 2.2. The xerogel 
sample originating from the sol with the highest 
nitrate content (NO 3¯ /Al = 2.2) observes a marked 
negative shrinkage, thus an increase in sample 
height at a temperature of ~ 250 °C. This effect was 
caused by swelling of the tablet shaped dilatometric 
sample. As was mentioned earlier on, xerogels 
originating from sols with a high nitrate content are 
very hygroscopic, hence excessive release of water 
might be responsible for this unusual result. After 
this first unexpected increase in sample length, 
three temperatures with distinct shrinkages were 
identified. The first one occurred at ~ 300 °C 
followed by a second one at 880 °C. The last 
change in sample shrinkage was observed at 
1107 °C. Lowering the nitrate content of parent sols 
to NO 3¯ /Al = 0.6 yielded sols which show similar 
shrinkage characteristics. A first marked peak in the 
derivative shrinkage curve was found at 200 °C, 
which is followed by a less pronounced shrinkage 
process lasting until ~ 500 °C. The last two peaks in 
the derivative shrinkage curves were recorded at 
840 °C and 1144 °C. The total shrinkage of the 
latter sample based on initial height was 35 %. This 
high shrinkage value will be addressed later in the 
discussion section. Relative density values will be 
given in the next section. 
 
Influence of dopants on shrinkage 
behavior 
Results regarding the shrinkage behavior of 
xerogels containing dopants such as corundum 
particles, Cu, Ti and Fe will be given in the 
following. 
Figure 4.41. Influence of dopants (corundum seeds, Cu and 
Ti) on shrinkage behavior.  
Figure 4.42. Surface of a dilatometric sample (prepared by R. 
Sojref, BAM V.4, Berlin, Germany), corundum suspension 
doped with 2.0 mol% CuO and TiO2) after heat treatment to 
1400 °C. Note the indications for sintering processes like 
rounded edges. 
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Doping with corundum particles 
Figure 4.41 presents derivative shrinkage curves 
and DTA signals for a xerogel originating from sol 
s-0.6-5.0-3.5 which has been mixed with a small 
amount of corundum suspension resulting in a 
mixing ratio of A/C = 40. Between ~ 200 °C and 
~ 400 °C an endothermic DTA signal is recorded in 
this sample which corresponds to a pronounced 
signal in the derivative shrinkage curve at 200 °C. 
The already described exothermic signals - one 
occurring between 800 °C and 900 °C and the other 
at 996 °C - also provoke a change in shrinkage rate 
as can be seen in the derivative shrinkage curve 
peaks at 841 °C and 1011 °C. Furthermore, a small 
but discernible derivative shrinkage curve peak can 
be seen at 1280 °C.  
 
Doping with Cu, Ti and Fe 
As can be seen in Figure 4.41, doping sol s-0.6-
16.0-3.2 with Cu and Ti yielded a xerogel which 
partially had a similar DTA curve as reported for 
the corundum containing sample. A set of 
endothermic signals appears in the temperature 
range from room temperature to 500 °C, whereas 
the maximum endothermic signal was recorded at 
262 °C. These endothermic signals are followed by 
an exothermic signal at 852 °C. After a small 
exothermic signal at 1044 °C the DTA signal shows 
a distinct step.  
The corresponding shrinkage was the highest 
among all samples analyzed. In correspondence to 
the DTA results the following derivative shrinkage 
curve peaks were identified: (i) a set of 
superimposed signals up to 500 °C, (ii) a peak at 
822 °C and (iii) a peak at 1031 °C which shows a 
shoulder at 1070 °C.  
Dilatometric analysis of samples (base sol s-0.6-
16.0-3.2) doped with 0.2 mol% or 2.0 mol% Fe or 
Cu (based on Al2O3) showed the same general 
shrinkage behavior (plots not shown) as undoped 
samples. Below 500 °C shrinkage occurred in a 
similar fashion as shown in Figure 4.40 for a sol 
having a nitrate content of NO 3¯ /Al = 0.6 and a pH 
value of 3.5. At roughly the same temperatures as 
recorded with DTA, namely between 800 °C and 
900 °C and above 1000 °C, two distinct peaks in 
     
 dopant concentration peak temperatures 
base sol  in mol% 1 dilatometry DTA  
s-0.6-16.0-3.2 0.2 1111 °C 1147 °C 
s-0.6-16.0-3.2 C
u 
2.0 1071 °C 1092 °C 
s-0.6-16.0-3.2 0.2 1102 °C 1134 °C 
s-0.6-16.0-3.2 F
e 
2.0 1028 °C 1029 °C 
1) concentration in mol% Me/Al2O3 (Me = Fe, Cu) 
     
Table 4.6. Corundum transformation temperatures detected via dilatometry and DTA for xerogels doped with different 
amounts of Fe and Cu. 
 dopant concentration base sol relative density after 1400 °C based on corundum  (3.99 g/cm3) 
 - - s-0.8-6.6-3.2 59 % 
 corundum A/C = 40 s-0.8-6.6-3.2 57 % 
 CuO, TiO2 2.0 mol% s-0.6-18.0-3.2 77 % 
     
Table 4.7. Influence of doping with corundum seeds and Cu and Ti on relative density of dilatometer samples. 
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the corresponding derivative shrinkage curves were 
recorded. However, it is interesting to note that 
peak temperatures recorded via dilatometry in Fe- 
and Cu-doped samples were slightly lower than the 
corresponding DTA result as is illustrated in Table 
4.6. Relative densities were obtained by estimating 
apparent density of tablets used as samples in the 
dilatometer. Table 4.7 shows relative density values 
obtained via the procedure described in the 
experimental section. A sol having a nitrate content 
of NO 3¯ /Al = 0.8 and a solids loading of 6.6 wt% 
reached a relative density of 59 % after heating to 
1400 °C in air. Addition of a small amount of 
corundum particles, thus resulting in a mixing ratio 
of A/C = 40 has only little effect on relative 
density, which decreases slightly to 57 %. The most 
pronounced change was observed when 
simultaneously using Ti and Cu as dopants. 
Relative density increased to 77 %. Figure 4.42 
shows the surface of a sample tablet, containing Cu 
and Ti as dopants, after heat treatment up to 
1400 °C in a vertical dilatometer. The presence of 
rounded corners can be seen as a result of sinter 
processes.  
 
 
 
4.3  Coatings  
 
Coatings with modified Yoldas sols 
oth pure sols and sol-suspension mixtures 
were used for coatings on Inconel 718 
(IN-718) substrates. In this section the 
coating results with modified Yoldas sols will be 
presented. As no literature data was available 
regarding details for coating parameters with 
modified Yoldas sols, the first step was to identify a 
working range which allowed the application of 
crack-free layers. In order to exclude negative 
effects of a possible CTE-mismatch, this first stage 
was carried out on glass and corundum substrates. 
Figure 4.43 gives an overview over (i) the achieved 
layer quality on glass substrates, (ii) layer thickness 
(obtained via differential weighing) after heating to 
500 °C and (iii) viscosity of sols having a nitrate 
content of NO 3¯ /Al ~ 0.6 used as coating agents. 
Crack-free layers having a maximum estimated 
thickness of 0.11 µm can be obtained with 
PVP-free sols. Decreasing solids loading yielded 
even thinner layers, as not only solids loading but 
also viscosity was reduced. A sol having a solids 
loading of 14.0 wt% and a viscosity of 3 mPas 
(2500 s-1) gave rise to a layer having a calculated 
thickness of 0.11 µm whereas only 0.05 µm could 
be achieved with a sol having 9.4 wt% solids 
loading and a viscosity of 2 mPas (2500 s-1). 
Addition of PVP resulted in increased viscosity 
B 
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Figure 4.43. Influence of PVP content and solids loading on 
layer quality, viscosity at 2500 s-1 and layer thickness of spin 
coating applied layers (4000 rpm). 
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values which in turn gave rise to increased layer 
thicknesses. However, as can be seen in Figure 4.43 
only a marginal increase in layer thickness was 
possible. A 0.16 µm thick flawless layer could be 
obtained with a sol having a PVP content of 
2.5 wt% and a solids loading of 8.0 wt%. The 
following overall trend was observed: At low PVP 
contents sols with higher solids loadings could 
successfully be used whereas at lower solids 
loadings higher PVP concentrations were possible. 
Coatings having thicknesses around 1 µm could be 
prepared via multiple coating steps, whose details 
were described in the experimental section.  
It should be noted that the data reported in 
Figure 4.43 refer to spin coating experiments 
carried out using a rotational speed of 4000 rpm. In 
order to study the influence of coating velocity, 
rotational speed was varied between 1000 rpm and 
8000 rpm (results not shown here). As could have 
been expected, increasing rotational speed leads to 
thinner layers. Vice versa decreasing velocity 
during spin coating results in thicker layers. It was 
found that the threshold in PVP concentration and 
solids loading, which decides whether a mixture 
results in cracked or crack-free layers, is a function 
of rotational speed as well. At lower rotational 
speeds the maximum solids loading which allows 
for the preparation of crack-free layers is reduced. 
At higher rotational speeds even higher PVP 
additions were possible. The above described 
interplay between maximum achievable layer 
thickness, rotational speed, solids loading and 
viscosity can in general be described by the 
following expression [BIR-A], whereas cF is solids 
loading, η is viscosity and ρ is the density of the 
applied media and ω equals rotation rate. Details 
regarding the description of thickness data collected 
in the present work using equation Equ. 4.2 
[BIR-A] were reported elsewhere [DRE-2004].  
 
Equ. 4.2 
3
1
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2F )c1(2
3c~thickness ⎟⎟⎠
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−ρω
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After identification and thorough study of relevant 
spin coating parameters on glass and corundum 
substrates, metal substrates were coated. For 
preparing crack-free coatings on metal substrates 
Figure 4.44. Micrograph showing the surface of a coated (s-0.6-14.0-3.2, 4000 rpm, layer thickness ~ 0.18 µm) metal substrate 
(IN-718) after heat treatment at 800 °C for 1 h. 
 spectrum at 10 kV
 spectrum at 5 kV
coated area 
uncoated area 
tower-like 
protrusion 
string-like 
protrusions  
20 µm 
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sols having a molar ratio of NO 3¯ /Al ~ 0.6 were 
used. Solids loading ranged between ~ 8 and 
~ 14 wt%, whereas PVP contents were varied 
between 0 and 1.6 wt%. The micrograph depicted 
in Figure 4.44 shows the surface of a spin coated 
IN-718 substrate after heating for 1 h at 800 °C in 
air. Two regions can be distinguished. The coated 
area in the upper right corner having a dark 
appearance and the uncoated light grey area in the 
lower left corner. It should be noted that the whole 
substrate was coated with a crack-free layer. 
However, Figure 4.44 shows the brink of the coated 
substrate. The brink of each substrate coated via 
spin coating observed flaws like uncoated areas, 
spallations and cracks. Another feature clearly 
visible are tower-like protrusions which could be 
found all over the substrate. According to EDX 
analysis, these protrusions contain Nb. Another 
interesting feature are the small string-like 
protrusions which form a network all over the 
substrate and do not destroy the coating. EDX 
analysis proved that the coated area was indeed 
covered by an alumina layer as only peaks 
ascribable to oxygen and aluminium are visible in 
the spectra recorded at 5 kV. When increasing the 
acceleration voltage to 10 kV other elements like 
Cr, Ni and Nb were detectable.  
Surfaces of layers prepared with modified 
Yoldas sols are very smooth. It is noteworthy that 
sols which yielded crack-free layers on soda lime 
glass substrates showed the same good results on 
IN-718 metal substrates even after heating to 
temperatures as high as 900 °C. This is remarkable 
as IN-718 had a coefficient of thermal expansion 
(CTE) of α ~ 14 · 10-6 which is markedly higher 
than the CTE for soda lime glass (α ~ 9 · 10-6). 
Crack-free coatings were also applied on corundum 
substrates (Rubalit, Ceramtec GmbH, Germany) 
and silicon wafers.  
 
Coatings with sol-suspension mixtures 
Coatings prepared with sol-suspension mixtures 
differ greatly from coatings with sole modified 
Yoldas sols. As was illustrated above, additional 
factors like A/C mixing ratio, solids loading of sols 
and suspensions have to be considered. As outlined 
earlier on, the addition of corundum particles was 
supposed to yield thicker layers, as solids loading is 
increased and phase change induced tensions are 
reduced. Extensive investigations were carried out 
to identify mixtures which (i) yield stable 
sol-suspension mixtures, (ii) have only negligible 
structural viscosity characteristics or thixotropy 
effects and (iii) allow the preparation of crack-free 
layers. As mixtures with highly concentrated 
corundum suspension (70.0 wt%) were found to be 
prone to coagulation or excessive structural 
viscosity behavior or both, less concentrated 
   A/C = 3 A/C = 1 A/C = 0.3 
 c(PVP) 0 ~ 7 wt% 0 ~ 7 wt% 0 ~ 7 wt% 
 thickness 0.3 µm 0.6 µm 0.21 µm 0.6 µm 0.2 µm 0.6 µm 
 
 
17
/2
0 
layer  
quality cracks cracks no cracks cracks no cracks cracks 
 c(PVP) 0 ~ 7 wt% 0 ~ 7 wt% 0 ~ 7 wt% 
 thickness 0.1 µm 0.2 µm 0.1 µm 0.2 µm 0.1µm 0.3 µm 
 5
/2
0 
layer 
quality no cracks cracks no cracks cracks no cracks cracks 
 
Table 4.8. Influence of composition, binder concentration and A/C mixing ratio of selected sol-suspension mixtures on layer 
thickness and quality. 
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corundum suspension (20.0 wt%) was used. PVP 
concentrations were varied in a wide range up to 
concentrations as high as ~ 7 wt%. Table 4.8 
summarizes selected results. It is evident that 
increasing PVP concentration resulted in increased 
layer thickness. For all A/C mixing ratios in both 
5/20 and 17/20 mixtures the layer thickness 
increased when ~ 7 wt% PVP were added. 
However, even at a very high PVP concentration 
like ~ 7 wt% no layer thicker than 0.6 µm could be 
prepared at sol-suspension mixing ratios between 
A/C = 3 and A/C = 0.3. In conjunction with the 
findings for sole modified Yoldas sols, increased 
overall solids loading in sol-suspension mixtures 
also results in increased layer thickness. At a given 
A/C mixing ratio 17/20 mixtures always lead to 
thicker layers than the corresponding 5/20 mixtures.  
All layers prepared with very high PVP 
concentrations showed cracks. Contrary to that all 
mixtures shown in Table 4.8 containing no PVP 
were crack-free. The only exception being the 
17/20 mixture at a mixing ratio of A/C = 3. When 
drastically reducing the sol content to A/C = 0.01 
(data not shown), layers thicker than ~ 1 µm could 
be prepared at a single coating step. 
Alike to sole modified Yoldas sols 
sol-suspension mixtures have successfully been 
applied to soda lime glass, corundum substrates and 
IN-718 in single and multiple coating steps. In 
contrast to modified Yoldas sols distinct structural 
viscosity behavior was encountered in 
sol-suspension mixtures. Figure 4.45 illustrates the 
effect of pronounced structural viscosity on coating 
quality if using spin coating. The low shear rate 
during spin coating in the middle of the rotating 
substrate lead to an excessive layer thickness which 
resulted in severe spallations after heat treatment. 
In order to avoid or at least substantially reduce 
structural viscosity behavior it proofed beneficial to 
use 10/20 SSP mixtures having small A/C mixing 
ratios like A/C = 0.01. Addition of 2.2 wt% PVP 
improved mixture stability. The following high 
magnification micrograph (Figure 4.46) shows the 
surface of a 10/30 mixture having a PVP 
concentration of 2.2 wt%. Heating to 500 °C in air 
resulted in a grainy structure with clearly visible 
corundum particles. No cracks were detected in this 
layer, with an estimated thickness of around 
0.5 µm. As mentioned earlier on, experiments were 
carried out in order to reduce sintering temperature 
of xerogels. As simultaneous doping with Cu und 
Ti proved beneficial for increasing relative density 
of dilatometric samples (Figure 4.41, Table 4.7), 
coatings were prepared using sol-suspension 
Figure 4.45. Micrograph showing spallations in the center of a 
metal substrate attributable to structural viscosity behavior of 
the used coating agent.  
Figure 4.46. Micrograph showing the surface of a sol-
suspension coating (A/C = 0.01, 10/30, 1600 rpm, 
c(PVP) = 2.2 wt%) after heating to 500 °C.  
 
3 µm 
 65
Figure 4.49. Specific mass gain at different temperatures of an 
uncoated metal substrate (IN-718) as a function of time. Mass 
gain is based on sample mass after heating for 50 h at the 
respective temperature. 
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mixtures having been doped with Cu and Ti. As 
indicated by vertical dilatometer measurements 
(data shown above) the sintering process is 
expected to set in at ~ 1100 °C. Figure 4.47 and 
Figure 4.48 show micrographs of IN-718 samples 
after heating to 1100 °C for 30 min in a nitrogen 
atmosphere. The nitrogen atmosphere was chosen 
as otherwise uncoated reference IN-718 samples 
showed severe spallations. Both specimen were 
coated with sol-suspension mixtures whereas the 
coating depicted in Figure 4.47 was Cu/Ti-doped. 
Similar to Figure 4.42 rounded grains are visible in 
the applied layers, as can be seen in Figure 4.47. 
Surprisingly the undoped sol-suspension mixture 
(Figure 4.48) showed a similar microstructure, i.e. 
rounded grains.  
 
Oxidation of uncoated IN-718 
In order to assess the oxidation protection potential 
of layers prepared from sole modified Yoldas sols 
and layers prepared from sol-suspension mixtures, 
uncoated IN-718 substrates were oxidized at 
elevated temperatures because sole reliance on 
literature data is not advisable [CHA-1970]. Figure 
4.49 shows the results of these experiments. As can 
be seen, the specific mass gain per surface area is a 
function of time and temperature. Based on sample 
mass after heat treatment for 50 h, specific mass 
gain increases from 0.037 mg/cm2 to 0.30 mg/cm2 
after heating for 800 h at 800 °C. No spallations 
were detected during the heat treatment at 800 °C 
of uncoated IN-718 substrates.  
Increasing temperature to 900 °C provoked a 
marked increase in specific mass gain. Spallations 
could be detected already after heating for 100 h at 
900 °C. Both curves depicted in Figure 4.49 have 
Figure 4.48. Micrograph showing the surface of an undoped 
(Cu- and Ti-free) sol-suspension coating on IN-718, after 
keeping for 30 min in nitrogen at 1100 °C. 
3 µm 3 µm 
Figure 4.47. Micrograph showing the surface of a sol-
suspension coating on IN-718, which has been doped with 
2.0 mol% Cu and Ti after keeping for 30 min in nitrogen at 
1100 °C. 
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error bars. The calculated error for 800 °C 
experiments was very low compared to the 
calculated error for 900 °C samples. This is due to 
the fact, that the spalled matter during 900 °C 
experiments was collected in corundum crucibles 
which were heavier than 60 g, hence these crucibles 
could only be weighed to a precision of 0.1 mg. It 
should be noted that mass gain experiments were 
also carried out at 700 °C. No spallations could be 
detected during these experiments both in coated 
and uncoated samples. However, the mass gain data 
is not shown here as these experiments resulted in a 
huge error because only very small mass gains were 
recorded.  
As was found by Greene and Finfrock 
[GRE-2001], IN-718 has a parabolic rate constant 
oxidation behavior following Equ. 4.3, were Δm 
equals the mass gain, KP the parabolic rate 
constant, t the time and A the surface area. The 
factor “c” was not used by Greene and Finfrock 
[GRE-2001] but was introduced in this work as the 
mass gain values reported here are based on sample 
mass after heating for 50 h. In other words, the 
graphs shown in Figure 4.49 do not intersect 
origin. 
 
ctK)A/m( P
2 +=Δ   Equ. 4.3 
 
Table 4.9 summarizes the calculated parabolic rate 
constants found for uncoated IN-718 oxidized in 
air at 800 °C and 900 °C. It is evident that 
increasing temperature from 800 °C to 900 °C 
provoked an increase in KP by one order of 
magnitude, i.e. from 3.36 · 10-8 (mg/cm2)2/s to 
4.04 · 10-7 (mg/cm2)2/s. It is well known that IN-718 
forms a chromium oxide scale during oxidation at 
elevated temperatures [SEE-1996, NOF-2004]. 
Micrograph Figure 4.50 shows a cross sectional 
view through an IN-718 substrate after heating for 
800 h at 800 °C in air. The presence of Cr in the 
depicted ~ 1.7 µm thick scale labeled “Cr2O3” has 
been confirmed via EDX analysis (data not shown). 
Underneath the chromium oxide scale grains of the 
base metal matrix can be seen. The nature of the 
black spots at the grain boundaries could not be 
elucidated during this work. One might hypothesize 
that these black spots are pores. As indicated in the 
micrograph, platinum and gold had to be applied 
onto the substrate during sample preparation for 
FIB.  
 
Table 4.9. Comparison of rate constants of uncoated IN-718 obtained in this work at different temperatures with literature data.
 temperature KP* c R KP from [GRE-2001] 
 in °C in (mg/cm2)2/s in (mg/cm2)2  in (mg/cm2)2/s 
 800 3.36 · 10-8 -0.01 0.999 ~ 0 
 900 4.03 · 10-7 -0.19 0.999 2.67 · 10-6 – 6.29 · 10-6 
 *) mass gain based on sample mass after heat treatment for 50 h 
Pt, Au from sample preparation 
Cr2O3 
base metal: IN-718 
Figure 4.50. Cross sectional view (FIB micrograph) through 
an uncoated IN-718 substrate after heating for 800 h at 800 °C 
in static air. 
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Figure 4.51. Relative mass gain of coated IN-718 surfaces at 
800 °C and 900 °C in static air as functions of exposure times. 
Coating schema applied: layer(sol). 
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Influence of coatings on metal 
oxidation 
 
Coatings with sols 
Table 4.10 summarizes data regarding the 
composition of used coating agents. As can be seen, 
experiments with substrates coated with “pure” sols 
(s-0.6-10.0-3.4) and sols which contained PVP 
were carried out. Results regarding sol-suspension 
mixtures will be presented in the next section. 
Figure 4.51 illustrates the protective properties of 
sol-gel layers prepared with modified Yoldas sols 
on IN-718. The ordinate depicts the ratio between 
the specific mass gain of a coated sample 
(Δm / Acoated) and the specific mass gain of an 
uncoated reference sample (Δm / AUNcoated). Hence, 
if (Δm / Acoated) / (Δm / AUNcoated) = 1, no difference 
between a coated and an uncoated surface exists, 
i.e. the applied layer offers no oxidation protection. 
If on the other hand the following applies: 
(Δm / Acoated) / (Δm / AUNcoated) = 0, then the applied 
layer offers complete oxidation protection. As can 
be seen, an IN-718 surface coated with a layer 
derived from sol s-0.6-10.0-3.4 by multiple coating 
(4 cycles) exhibits a markedly decreased specific 
mass gain compared to an uncoated sample surface. 
After 800 h the coated substrate surface shows a 
specific mass gain which is only 36 % of the 
specific mass gain of an uncoated sample surface. 
No spallations were detected in both coated and 
uncoated samples while testing up to 800 h at 
800 °C in air. Comparing specific mass gain of 
coated and uncoated surfaces after heating for 
800 h at 700 °C (data not shown) suggests even 
  sol sol-suspension-mixtures 
 experiment name base sol c(PVP) base sol suspension A/C c(PVP) 
   in wt%  in wt%  in wt% 
  layer(sol) s-0.6-10.0-3.4 - - - - - 
  layer(sol-PVP) s-0.6-8.0-3.4 1.6 - - - - 
  layer(sol-ssp) s-0.6-10.0-3.3 - s-0.6-10.0-3.3 10/20 0.01 2.2 
 
 
Table 4.10. Composition of coating media used in this work. 
Figure 4.52. Mass gain velocity for coated and uncoated 
IN-718 surfaces as a function of exposure time and heat 
treatment temperature. Coating schema used: layer(sol). 
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better oxidation protection. However, as the overall 
mass loss at 700 °C is very small even for the 
uncoated reference samples, the resulting error is 
unacceptably high.  
According to Seehra and Babu [SEE-1996], 
IN-718 has a maximum application temperature of 
650 °C. Increasing the test temperature from 
800 °C to 900 °C, which is far beyond the 
recommended scope of any IN-718 application, 
results in a marked loss in protective capability of 
the applied oxidation protection layer. As can be 
seen in Figure 4.51, while after 200 h of heat 
treatment the coated substrate surface still shows 
less than 50 % of the specific mass gain per surface 
area of an uncoated surface this value increases up 
to 80 % after heating for 800 h at 900 °C. As was 
outlined above, testing uncoated substrates at 
900 °C resulted in marked spallations already after 
100 h. Spallations were also detected during 
experiments with coated specimens although the 
mass of spalled matter found in the corundum trays 
of coated specimens was roughly only half of that 
of uncoated specimens. It should be noted at this 
point that the circumference of the coated substrates 
always remained uncoated, hence spallations 
occurring during tests of coated substrates do not 
necessarily imply a coating failure as the 
spallations might have resulted from the uncoated 
circumference.  
Another important parameter defining the 
oxidation behavior is the actual velocity of mass 
gain per surface area (B• ). While Figure 4.51 
shows the total mass gain ratio 
(Δm / Acoated) / (Δm / AUNcoated) = Bcoated / BUNcoated, 
the graphs in Figure 4.52 show B• coated and B
•
UNcoated 
for coated and uncoated surfaces tested at 800 °C 
and 900 °C. As can be seen, at 800 °C the mass 
gain velocity decreases with time on both coated 
and uncoated surfaces whereas the uncoated 
surface always has a higher mass gain velocity. At 
900 °C only the mass gain of the uncoated surface 
follows the same general pattern like at 800 °C. The 
coated surface has a markedly different mass gain 
velocity evolution. At the start of the experiment at 
100 h, a coated surface shows a lower mass gain 
velocity than an uncoated surface. With increasing 
exposure times the mass gain velocity of the coated 
surface increases until it reaches a local maximum 
at 300 h.  
Figure 4.53 shows a TEM micrograph of a 
sample (layer(sol-PVP)) heated for 800 h at 800 °C 
in air. The findings regarding Figure 4.53, which 
will be reported in the following, are taken from 
TEM report B-V.1/8534 [DÖR-2006]. In the 
depicted region the applied alumina layer (labeled 
Al2O3) has a thickness of 1.3 µm which agrees well 
with the value of 1.0 µm obtained by using the 
mass gain caused by layer application and after 
subsequent heating to 500 °C. Below the alumina 
layer one can see the substrate. Only minor 
delaminations between the substrate and the layer 
were visible. The alumina layer contained 
crystallites with sizes between 80 nm and 300 nm. 
Near the metal/alumina interface (Cr,Al)5O12 could 
be detected. As indicated by arrows in Figure 4.53, 
Nb grows in a tongue-like manner into the alumina 
 
 
Figure 4.53. TEM cross sectional view through an applied 
Al2O3 coating (layer(sol-PVP)) after exposure for 800 h at 
800 °C. Note the tongue-like protrusions from the substrate 
indicated by arrows. 
base metal: IN-718 
 
Al2O3 layer Pt, Au from sample 
preparation 
base metal: IN-718 
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layer. Diffraction patterns of crystallites containing 
Ni, Cr and Fe as well as Al could be assigned to 
mostly cubic phases like Fe(Cr,Al)2O4 or 
(Ni,Fe)(Al,Cr)2O4. No spinel structures were found. 
EDX spectra taken at the applied alumina layer 
revealed the presence of Cr, Ni, Fe and Nb.  
 
Influence of PVP 
Table 4.11 summarizes information regarding 
coating experiments discussed in this work. As was 
mentioned above, PVP addition results in increased 
viscosity which allows for the formation of thicker 
layers in one step. While coating layer(sol-PVP) 
was applied using 8 coating cycles, only 4 cycles 
were applied for preparation of layer(sol). At 
800 °C coating layer(sol) resulted in a ratio of 
specific mass gain of coated and uncoated surfaces 
((Δm / Acoated) / (Δm / AUNcoated)) of B = 0.36 ± 0.07. 
The layer with circa double the thickness of coating 
layer(sol), namely coating layer(sol-PVP) with 
1.3 µm, showed almost the same relative protective 
capacity of B = 0.32 ± 0.26. The much higher error 
within experiment layer(sol-PVP) results from the 
fact that these specimens were coated on one 
top-surface side, whereas layer(sol) samples were 
coated on both top-surfaces. After heating for only 
5 h at 900 °C the coating layer layer(sol-PVP) 
showed spallations.  
 
Coatings with sol-suspension mixtures 
In addition to coatings with sole modified Yoldas 
sols whose results were presented above, 
experiments were also carried out with 
sol-suspension multilayer coatings (layer(sol-ssp)). 
 experiment name coating cycles/ sequences 
thick- 
ness1 
thick- 
ness2 
coating 
application 
relative mass gain after 800 h
)A/m/()A/m(B UNcoatedcoated ΔΔ=   
   in µm in µm  700 °C 800 °C     900 °C 
  layer(sol) 4 0.6 -  double sided - 0.36 ± 0.07   0.82 ± 0.30 
  layer(sol-PVP) 8 1.0 1.34  one sided 0.16 ± 0.803 0.32 ± 0.26    spallings after 5 h 
  layer(sol-ssp) sol/ssp/sol/ssp/sol 3.8 3.65  double sided - 0.50 ± 0.11   0.45 ± 0.20 
 application velocity: sol(ssp) = 4000(2000) rpm, 1) via mass gain after layer preparation at 500 °C, 2) via TEM/FIB,  
3) very low absolute mass gain, 4) after heating 800 h at 800 °C, 5) after heating 800 h at 900 °C  
Table 4.11. Coating details and relative mass gain results after heating for 800 h. 
Figure 4.54. Relative mass gain of coated IN-718 surfaces at 
800 °C and 900 °C in static air as functions of exposure times. 
Coating schema applied: layer(sol-ssp). 
Figure 4.55. Mass gain velocity for coated and uncoated 
IN-718 surfaces as a function of exposure time and heat 
treatment temperature. Coating schema used: layer(sol-ssp). 
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Table 4.12. Modulus of a layer(sol-PVP) coating on corundum 
substrates after heating to different temperatures.  
temperature elastic modulus 
in °C in GPa 
500 bad signal quality 
860 100 
1150 160 
IN-718 coated with such a multilayer system 
exhibited only 50 % of the mass gain per surface 
area compared to an uncoated IN-718 surface after 
heating for 800 h at 800 °C in air. The protective 
capability seems to improve with increasing heating 
time. As can be seen in Figure 4.54, oxidation tests 
at 800 °C in air after 100 h showed a ratio of 
(Δm / Acoated) / (Δm / AUNcoated) = 0.55 whereas after 
800 h this value slightly dropped to 0.50. However, 
this change is not significant, as it is still within the 
range of the calculated error. In marked contrast to 
the results for coatings prepared by the single use of 
modified Yoldas sols, i.e. layer(sol) and 
layer(sol-PVP), even at 900 °C the applied 
multilayers offer oxidation protection. The recorded 
specific mass gain ratios seem to be even lower at 
900 °C when compared to 800 °C. Between 100 h 
and 800 h the ratio between specific mass gain of 
coated and uncoated surfaces at 900 °C shows a 
slight increase from 0.31 to 0.45. As with the 
results after heat treatment at 800 °C, this change 
does not seem to be significant.  
Figure 4.55 shows the mass gain velocities of 
coated and uncoated surfaces at 800 °C and 900 °C. 
The values for uncoated surfaces have already been 
shown above in Figure 4.52, but were added here 
again for the sake of clarity and to enable easy 
comparisons between coated and uncoated 
surfaces. The layer(sol-ssp) coated surface shows 
the same general trend as already reported above 
for the 800 °C case in layer(sol) coating 
experiments. With increasing heating times the 
mass gain velocity decreases when tested both at 
800 °C and 900 °C. Figure 4.56 shows a FIB 
micrograph of an IN-718 substrate coated with a 
sol-suspension/sol multilayer system 
(layer(sol-ssp)). The specimen was heated for 
800 h at 900 °C in air. A comparatively thick 
alumina layer (3.6 µm) labeled “Al2O3 layer” can 
be seen. The layer appears to contain pores. 
Underneath the alumina layer one can see the base 
metal IN-718.  
 
Mechanical properties 
An important parameter defining mechanical 
properties of the applied layers is elastic modulus. 
Nanoindentation measurements were carried out at 
IN-718 substrates of sample series layer(sol-PVP) 
after heating for 800 h at 700 °C and 900 °C. 
However, obtained signals were of bad quality. In 
contrast, sensible results were obtained from 
measurements on coated corundum substrates. Via 
repeated coating cycles an estimated layer thickness 
of ~ 1 µm was achieved. The coated substrates 
were heated to three different temperatures, i.e. 
500 °C, 860 °C and 1150 °C. Table 4.12 shows 
recorded modulus values. After heat treatment at 
base metal: IN-718 
Al2O3 layer 
Pt, Au from sample preparation 
pores ? 
Figure 4.56. Cross sectional view (FIB micrograph) through a 
coated IN-718 substrate (layer(sol-ssp)) after heating for 800 h 
at 900 °C in static air. 
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500 °C no sensible readings could be obtained. 
After heating to 860 °C the alumina layer had a 
modulus of 100 GPa, which increased to 160 GPa 
when heating to 1150 °C. These values are much 
lower than the elastic modulus of dense Al2O3, 
which is given with 410 GPa [MUN-1989] or 
390 GPa [ASH-1998].  
Layers applied via the sol-suspension route were 
not analyzed in this work as previous investigations 
by Sojref [SOJ-2006] indicated that these coatings 
resulted in highly unstable readings.  
 
Thermal cycling 
According to the schema described in the 
experimental section, thermocycling experiments 
were carried out on layer(sol) and layer(sol-ssp) 
samples. Figure 4.57 shows samples as prepared 
after 500 °C and after 400 cycles of thermal cycling 
between 800 °C and room temperature. The sample 
having a layer(sol) coating depicted in micrograph 
Figure 4.57.a exhibits a smooth and almost flawless 
surface. The sample shown in micrograph Figure 
4.57.b coated according to a layer(sol-ssp) schema 
has a rougher surface with visible corundum grains 
originating from the corundum suspension. As the 
latter sample has been coated with a multilayer 
coating system the topcoat was applied with a sole 
modified Yoldas sol. The topcoat contains many 
microcracks as can be seen in the lower 
micrograph, which shows the same surface at a 
higher magnification. After thermocycling the 
layer(sol) sample no cracks within the coating 
a: layer(sol) as prepared after 500 °C  
10 µm 
c: layer(sol) after 400 cycles at 800 °C 
10 µm 
d: layer(sol-ssp) after 400 cycles at 800 °C 
10 µm 
b: layer(sol-ssp) as prepared after 500 °C 
5 µm 
1 µm 
Figure 4.57. Micrographs showing surfaces of layer(sol) and layer(sol-ssp) coated IN-718 substrates after layer preparation 
(500 °C) and after 400 cycles between room temperature and 800 °C. 
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could be observed (Figure 4.57.c). The same 
protrusions as already observed on a sample 
exposed to an isothermal heat treatment regime 
(Figure 4.44) were found. Cycling the multilayer 
coated sample resulted in a surface covered with 
many microcracks. The same protrusions breaking 
through the coating surface like on the layer(sol) 
coated sample (Figure 4.57.c) can be seen.  
 
Oxygen permeation measurements 
The following section presents results of 
experiments aimed at determining the permeability 
coefficient of applied layers. As was outlined in the 
methods section, porous substrates were coated 
with a sol (s-0.6-10.0-3.4) via spin coating. Figure 
4.58 shows a micrograph of the surface of an 
uncoated substrate (porous support only, without 
60 nm topcoating, ref. experimental section), while 
Figure 4.59 shows the same surface after four 
coating cycles. It is evident that no coherent layer 
has formed. Only local spots of alumina were 
deposited. This effect might be attributed to poor 
wetability of the support. Furthermore, the 
comparatively rough surface structure might hinder 
the deposition of a coherent layer. As was shown 
above, an even finer textured sol-suspension layer 
(Figure 4.46) cannot be coated with a sol without 
the formation of microcracks shown in Figure 
4.57.b. It should be noted that also supports were 
coated which were precoated by the support 
supplier with a fine grained layer of alumina. 
According to the datasheet, this layer observed a 
pore diameter of only 60 nm. However, when these 
precoated substrates were coated with modified 
Yoldas sol the shrinkage of the applied modified 
Yoldas sol during thermal treatment resulted in the 
complete debonding of the coating prepared by the 
supplier.  
In order to determine the permeability 
coefficient of an applied layer, the uncoated 
substrate had to be analyzed. Figure 4.60 shows the 
permeability coefficient PM of an uncoated 
membrane as a function of flow rate. The flow rates 
on both the feed and permeate side were set equal. 
As can be seen, the permeability coefficient 
increases with increased flow rates. Similar curves 
were obtained when using feed gases with different 
oxygen concentrations. No significant influence of 
oxygen concentration on calculated permeability of 
uncoated substrates was recorded when oxygen 
content was varied between 1040 ppm and 100 %. 
It was shown above that only a poor layer quality 
was achieved during the attempt to coat a porous 
support with a “pure” sol, which usually resulted in 
crack-free layers on glass, corundum (other supplier 
than support material) and metal substrates. Hence, 
Figure 4.58. Micrograph of an uncoated porous support, as 
received. 
Figure 4.59. Micrograph of a coated porous support after 
heating to 800 °C in air. 
20 µm 20 µm 
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it seemed unjustified to calculate any permeability 
coefficient of the applied layer, as the model used 
to calculate the permeability coefficient of an 
applied layer is based on the assumption of a 
coherent layer with known thickness. Despite the 
poor layer quality the coating changed the observed 
permeation behavior of the support. Figure 4.61 
shows measured oxygen concentrations (xO2,p,out) of 
the support-layer system, which was heated in an 
oven to different temperatures. Measurements were 
subsequently carried out at room temperature at 
different flow rates ranging between 20 sccm and 
200 sccm. As other flow rates (20 sccm, 50 sccm, 
150 sccm and 200 sccm) resulted in similar results 
and for the sake of clarity, Figure 4.61 only shows 
results for a flow rate of 100 sccm. After heating 
the coated substrate to 300 °C, measurements at 
room temperature yielded that only ~ 61 % of the 
oxygen concentration (xO2,p,out) compared to the 
uncoated support were detected in the outgoing gas 
stream on the permeate side. Hence, even the 
deposited spots of alumina led to a reduction in 
oxygen permeation. After heating the coated 
support to 800 °C, subsequent room temperature 
measurements showed that oxygen concentration in 
the outgoing gas stream on the permeate side 
increased to ~ 70 % compared to the oxygen 
concentration of the uncoated support. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.61. Reduction of oxygen concentration in the outgoing 
permeate gas stream at a coated porous support as a function of 
heat treatment temperature of the coated support. 
Measurements were carried out at a flow rate of 100 sccm at 
room temperature in counter current flow using synthetic air as 
feed gas. 
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Figure 4.60. Permeation of oxygen through an uncoated porous 
support in its as received state as a function of flow rate. 
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5. DISCUSSION 
 
5.1  Sols 
Al speciation 
he results given in the results section show 
the influence of (i) NO 3¯ /Al molar ratio at 
sols having a similar solids content 
(Figure 4.2), (ii) solids loading at sols having 
similar NO 3¯ /Al molar ratios (Figure 4.4, Figure 
4.5), (iii) aging and (iv) heat treatment. It should be 
noted that qualitative peak height comparisons are 
justified as samples were filled into equal test tubes 
to roughly the same height, thus sample masses 
were similar. 
All investigated fresh sols contained monomere 
Al species (~ 0 ppm) irrespective of NO 3¯ /Al molar 
ratio or solids content. The amount of monomers 
increases with increasing NO 3¯ /Al molar ratio 
(Figure 4.2), which is the result of lower pH values. 
Increased NO 3¯ /Al molar ratios result in decreased 
pH values, which favors the formation of lower 
polymerized species like monomers and dimers 
[BRIN-1990, p. 60 - 64].  
As can be seen in Figure 4.5 and Figure 4.2, low 
peak heights at ~ 0 ppm correspond to low peak 
heights at ~ 5 ppm, originating from poorly 
polymerized species [MAS-1994]. Furthermore, 
low peak heights at ~ 5 ppm correspond to 
increased peak heights at ~ 63 ppm. The signal at 
~ 63 ppm is indicative of the central AlO4 unit of 
the Al13 polycation [ALL-2003]. The observed 
correspondence between signal heights at ~ 5 ppm 
and ~ 63 ppm agrees well with Fu et al. [FU-1991] 
who mention that the species being detectable at 
~ 5 ppm act as a precursor for Al13 cations. 
The probable role of poorly polymerized species 
as Al13 precursors is in good agreement with the 
results obtained when reducing solids loading in a 
sol with a nitrate content of NO 3¯ /Al = 2.2 (Figure 
4.5). The monomer content (~ 0 ppm) and the 
content of poorly polymerized species (~ 5 ppm) 
decreases with reduced solids loading. This could 
be caused by a dilution effect. However, a small 
signal for Al13 appears, if solids loading is as low as 
1.8 wt% were the weakest signals at ~ 0 ppm and 
~ 5 ppm were detected.  
Apart from monomers and dimers (~ 0 ppm), as 
well as poorly polymerized species (~ 5 ppm), no 
further Al signals originating from octahedrally 
coordinated Al could be detected in sols having a 
high nitrate content (NO 3¯ /Al = 2.2).  
In contrast, two additional signals originating 
from octahedral coordinated Al could be found in 
sols with low nitrate content (NO 3¯ /Al ~ 0.6), 
namely boehmite-like (7.8 ppm, [NAZ-1990]) and 
polymerized species (~ 13 ppm, [NOF-2006, 
BER-1986, MAS-1994]). Both species showed 
reverse trends when solids loading was increased 
(Figure 4.4). While an increase in solids loading 
resulted in an increase in the signal for polymerized 
species, the signal originating from boehmite-like 
species (~ 7 ppm) disappeared with increasing 
solids loading (Figure 4.4).  
No Al13 polycations could be detected in sols 
having a molar ratio of NO 3¯ /Al = 2.2, until solids 
loading was reduced to 1.8 wt% (s-2.0-1.8-n.d.). In 
contrast, sols having a NO 3¯ /Al molar ratio of 0.6 
contained Al13 polycations until solids loading was 
increased to 23.0 wt% (s-0.6-23.0-2.7, Figure 4.4). 
Thus, depending on nitrate content a critical solids 
T 
 76 
0 10 20 30 40 50 60 70 400 600 800 1000
5
4
3
2
1
0
C
 NO
3
/Al = 2.2
 NO3/Al = 1.5
 NO3/Al = 0.6
BA pH of sol after 4 monthsinitial pH probably higher 
filled symbols: Al13 detectable
void symbols: no Al13 detectable
pH
1/c(Al2O3)
Figure 5.1. Occurrence of Al13 related signals in 27Al NMR 
spectra in sols with different solids loadings and NO 3¯ /Al molar 
ratios, i.e. different pH values. 
loading exists above which no Al13 polycations are 
present. This observation points towards a pH 
dependence as both nitrate content and solids 
loading have an influence on acidity. As can be 
seen in Figure 5.1, no Al13 could be detected in sols 
having pH values smaller than ~ 3, whereas in sols 
with pH values higher than ~ 3 Al13 polycations 
were present. Considering pH as the controlling 
factor, the above given results can be explained. 
Lowering solids content in sols with a NO 3¯ /Al 
molar ratio of 2.2 from 9.8 wt% to 1.8 wt% gave 
rise to a pH change from 1.0 to 2.93. As a result, a 
small amount of Al13 was found (Figure 4.5). Vice 
versa, increasing solids loading of sols that already 
have Al13 polycations can lead to reduced pH 
values and thus to reduced Al13 signals. This effect 
explains the reduction and final disappearance of 
the signal at ~ 63 ppm in sols having a nitrate 
content of NO 3¯ /Al = 0.6 (Figure 4.4). When 
increasing solids loading from 5.0 wt% (s-0.7-5.0-
3.7) to 12.0 wt% (s-0.7-12.0-3.1), the pH was 
decreased from 3.7 to 3.1 which gave rise to a 
diminished Al13 signal. Further increasing the solids 
                                                 
3 The pH value of the aged sample was taken as no pH 
value of the freshly prepared sol was available.  
content to 23.0 wt% (s-0.6-23.0-2.7), thus 
decreasing pH value to 2.7, led to the complete 
disappearance of a resonance at ~ 63 ppm (Figure 
4.4).  
The observed pH dependence of Al13 presence is 
well known and has been described in detail before 
[FU-1991, BRIN-1990, p. 62]. However, the 
critical pH value found in this work for the 
existence of Al13 polycations is slightly higher than 
the values reported in the literature. Wang and 
Muhammed [WAN-1999] reported Al13 polycations 
to be stable at pH values equal or higher than ~ 4.0. 
Bi et al. [BI-2004] gave a comparable limit (~ 4.5). 
As has already been concluded in an earlier work 
[NOF-2006], the modified Yoldas procedure seems 
to permit Al13 polycations to be present at lower pH 
values compared to the conventional Al13 synthesis 
route (base addition, see literature review section). 
However, pH alone fails to explain all results. 
Nitrate content, thus electrolyte concentration still 
has an effect. This is illustrated at sols s-0.7-12.0-
3.1, s-1.5-3.0-3.2 and s-2.0-1.8-n.d.1 (Figure 4.3), 
which are marked A, B and C in Figure 5.1. The 
three sols have almost similar pH values. Still, the 
sol with the lowest nitrate content (A) has the 
highest Al13 signal and the smallest peak height at 
~ 0 ppm. Hence, it could be surmised, that the 
increased NO 3¯ /Al molar ratios, thus the higher 
electrolyte contents, in sols B and C hinder Al13 
polycation formation or stabilize species acting as 
precursors for Al13 polycations.  
At similar pH values nitrate content not only 
seems to have an influence on Al13 formation but 
also on the content of poorly polymerized species 
(~ 5 ppm). Analysis of the content of poorly 
polymerized species (~ 5 ppm) depending on pH at 
different NO 3¯ /Al molar ratios (Figure 4.4 and 
Figure 4.5) suggests that increased pH values lead 
to decreased signals from poorly polymerized 
species (~ 5 ppm). When comparing sols with 
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different nitrate contents but comparable pH values, 
a similar trend can be found for poorly polymerized 
species as for Al13. As is shown in Figure 4.3, the 
weakest 27Al NMR signals for poorly polymerized 
species were detected in sols B and C having higher 
nitrate contents than sol A.  
Based on the results from sols in the range of 
0.6 ≤ NO 3¯ /Al ≤ 2.2 and 4 ≤ pH ≤ ~ 3 Al13, species 
seem to observe the following schema: (i) Increased 
pH values and (or) reduced nitrate content results in 
an increased Al13 concentration.  
As a result an increase in Al13 content could be 
achieved by two methods. First: An increase in pH 
value thus a reduction of nitrate content at a given 
solids loading should lead to a higher Al13 
concentration. This path is limited as sols having a 
lower nitrate content than NO 3¯ /Al = 0.6, like e.g. 
NO 3¯ /Al ~ 0.48 gel earlier compared to sols having 
higher nitrate contents. Second: Al13 concentration 
should also rise when increasing solids loading at a 
given pH, which is equivalent to the situation 
illustrated in sols A, B and C. As the latter method 
implies the lowering of NO 3¯ /Al molar ratio, again 
limitations regarding limited sol stability as 
mentioned above apply. 
As was shown in Table 4.1, sols were prepared 
using different preparation methods. Sols having 
been prepared according to the standard modified 
Yoldas procedure were labeled “hydrolysis”. Some 
sols were subject to prolonged heating times in 
order to increase solids content (labeled 
“evaporation”). Other sols were diluted with water 
at room temperature to decrease solids loading 
(labeled “dilution”). 
Whether a designated sol composition was 
reached via preparation with the standard procedure 
or via dilution of a sol having a solids loading 
higher than the targeted composition, no significant 
differences in 27Al NMR spectra were found. It is 
noteworthy that dilution at room temperature also 
led to the formation of Al13 polycations in sol s-2.0-
1.8-n.d. whose parent sol was s-2.2-9.8-1.0. Hence, 
a synthesis temperature of 80 °C is not the 
necessary prerequisite for Al13 polycation 
formation. This is consistent with Kloprogge et al. 
[KLO-1992] who synthesized sols containing Al13 
polycations via addition of NaOH solution to 
aluminum nitrate or aluminum chloride solutions. 
As dilution with water does not lead to a change in 
NO 3¯ /Al molar ratio, the differences in nitrate 
content between these two sols (s-2.0-1.8-n.d. and 
s-2.2-9.8-1.0) result from the experimental 
uncertainty when determining their solids content 
which was used in calculating the nitrate content. 
Highly concentrated sols were achieved via 
evaporation of water, thus heating times at 80 °C 
were prolonged. No significant differences in Al 
speciation were observed when reaching a sols 
designated solids content via prolonged heating 
times at 80 °C or via adding more ASB in a higher 
concentrated aluminum nitrate solution. The 
observed little differences in Al speciation when 
prolonging heating time correspond well with the 
findings of Allouche and Taulelle [ALL-2003] and 
Fu et al. [FU-1991]. Both authors found that a sol 
containing initially Al13 polycations will be subject 
to further compositional changes, if aged at 
temperatures above 80 °C. However, even after 
aging for 6 h at 85 °C, which is much longer than 
any prolonged synthesis time used in this work, Fu 
et al. [FU-1991] found only minor changes in the 
Al13 content. A similar result was reported by 
Allouche and Taulelle [ALL-2003] who found that 
a sol having ~ 6.5 % of the total Al incorporated in 
Al13 reduced its Al13 content by ~ 2 % to 4.5 % 
after 5 h of aging at even 85 °C.  
Decomposition of Al13 polycations at elevated 
temperatures results in the formation of even higher 
polymerized species like the Al30 polycation 
[ALL-2003, FU-1991]. Al30 polycations were also 
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observed in this work for sols having been obtained 
using the modified Yoldas procedure. Figure 4.7 
shows that a peak at ~ 70 ppm appeared when 
heating a modified Yoldas sol to 80 °C. This peak 
has been attributed to the AlO4 species incorporated 
into Al30 polycations [ALL-2003]. According to 
Allouche and Taulelle [ALL-2003], Al30 formation 
follows the following schema: one monomere 
reacts with an Al13 polycation to form an 
intermediate Al14 polycation, which in turn reacts 
with another Al14 and two more monomers to form 
one Al30 polycation. This reaction path explains the 
observed decrease in monomer content with 
increasing Al30 content, as was observed when 
heating sol s-0.7-12.0-3.1 to 80 °C (Figure 4.7). 
Allouche and Taulelle [ALL-2003] furthermore 
reported that elevated temperatures are not the 
necessary prerequisite for Al30 polycation 
formation. They prepared Al13 polycations via 
addition of NaOH solution into an aluminum nitrate 
solution reaching a OH/Al molar ratio of 2.46. In 
such a sample these authors detected Al13 and Al30 
polycations after aging for 6 months at 20 °C. This 
is a remarkable difference to the sols investigated in 
this work. As was reported above, aging resulted in 
the decomposition of Al13 but no Al30 polycations 
could be detected in aged samples analyzed in this 
work. It is not possible to draw the conclusion that 
sols prepared via the modified Yoldas procedure 
exhibit a different aging regime as the sols prepared 
via the base addition route applied by Allouche and 
Taulelle [ALL-2003] as these authors reported pH 
value to be 3.7. When taking into account the huge 
impact of pH value on Al speciation, a direct 
comparison of their aging results with sols prepared 
via the modified Yoldas procedure is hindered as 
the majority of sols synthesized in this work 
exhibited a pH value smaller than 3.7. The high 
impact of pH value on Al13 content when aging 
modified Yoldas sols was shown in a previous 
work by Nofz et al. [NOF-2006]. It could be 
suspected that modified Yoldas sols might show the 
same aging behavior as reported by Allouche and 
Taulelle [ALL-2003], thus the formation of Al30 
polycations upon aging might also be observed in 
modified Yoldas sols if pH is increased above 3.7.  
 
Conclusion: Al speciation 
Sols synthesized with the modified Yoldas 
procedure contain Al13 polycations, if their pH is 
higher than ~ 3. Increased pH values and (or) 
reduced nitrate content result in increased Al13 
concentration. Higher polymerized species were 
only detectable in sols having a comparatively low 
nitrate content (NO 3¯ /Al ~ 0.6). In these sols the 
signal for higher polymerized species decreased 
with increasing pH value, i.e. with decreasing 
solids loading. Formation of boehmite-like species 
could be observed when reducing the solids loading 
of a sol with NO 3¯ /Al = 0.6 to 5.0 wt%. Poorly 
polymerized species were detectable in all sols 
analyzed. With increasing pH value the signal 
became weaker. However, at similar pH values the 
sols with lower nitrate content observed higher 
contents of poorly polymerized species. The 
monomer content increases with decreasing pH 
values and increased nitrate content. Sols can be 
diluted at room temperature without destabilization, 
i.e. formation of precipitates. Al30, Al13 and 
polymerized species decompose upon aging. The 
lower the pH of sols the faster the decomposition of 
Al13 polycations. Reheating sols resulted in the 
formation of Al30 polycations and the return of Al13 
polycations.  
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Rheology, UV-vis transparency, 
particle size 
 
Concept of reduced viscosity 
Two kinds of sols were synthesized and analyzed 
regarding their rheological behavior: (i) sols with a 
nitrate content of NO 3¯ /Al = 2.2 and (ii) sols with a 
nitrate content of NO 3¯ /Al = 0.6. Data given in the 
results section revealed a significant influence of 
nitrate content and solids loading. Sols with a high 
nitrate content of NO 3¯ /Al = 2.2 exhibit Newtonian 
flow characteristics up to a viscosity of ~ 80 mPas. 
Increased solids loadings lead to increased viscosity 
values. The same influence of solids loading i.e. 
increased viscosity values with increased solids 
loading was found for sols with a lower nitrate 
concentration, i.e. NO 3¯ /Al = 0.6.  
The observed viscosities for sols prepared via 
the modified Yoldas procedure are in the same 
range as sols prepared by Maki and Sakka 
[MAK-1988]. These authors analyzed commercial 
boehmite sols and sols prepared via the following 
routes: (i) “…Aluminum hydroxide precipitated by 
NH4OH from aluminum chloride hexahydrate 
(AlCl3•6H2O) solution was peptized with acetic 
acid…” and (ii) Al powder was added into 
aluminum chloride hexahydrate solution. The 
starting viscosities of these sols which were 
measured with an Ostwald viscosimeter were found 
to be in the range of 3.8 mPas to 13.0 mPas. The 
maximum solids loading was ~ 33 wt% Al2O3. 
Very similar to the modified Yoldas procedure, 
González et al. [GON-1992] hydrolyzed ASB at 
90 °C to obtain alumina sols. Like in the work of 
Assih et al. [ASS-1988] peptization was carried out 
with hydrochloric acid in a subsequent step. Two 
different HCl/alkoxide molar ratios were chosen: 
HCl/ASB = 0.25 and 0.15. A model was devised by 
González et al. [GON-1992] to distinguish between 
sols and gels. They found that using a molar ratio of 
HCl/ASB = 0.25 resulted in the formation of gels 
whereas HCl/ASB = 0.15 lead first to a sol state 
which transformed into a gel state upon aging. Sols 
synthesized at 90 °C having a solids content of 
~ 3 wt% showed initial Newtonian viscosity 
behavior which changed to structural viscosity 
behavior after 8 d of aging [GON-1992]. Initial 
viscosity values were in the range of ~ 3 mPas. As 
stated by González et al. [GON-1992], viscosity 
measurements were carried out with a Brookfield 
viscometer. Thus, a direct comparison of the 
viscosity data published by these authors with the 
viscosity values given in this work is limited as the 
shear rate regime applied onto a sample with a 
Brookfield viscometer is not as well defined as if a 
cone-plate set up is used, as was done in this work. 
However, general viscosity behavior characteristics 
can be compared. Sols prepared via the modified 
Yoldas procedure having nitrate contents of 
NO 3¯ /Al = 2.2 and 0.6 show similar rheological 
properties as sols prepared from Maki and Sakka 
[MAK-1988] and González et al. [GON-1992]. 
Initial Newtonian flow characteristics are not 
unusual for alumina sols prepared by different 
methods. However, sols still showing Newtonian 
behavior after more than 1 year of aging, as was 
observed in this work, are not common at all.  
Viscosity data can be used to study particles 
being present in a sol or gel. An approach used by 
Sakka and Kamiya [SAK-1982], who investigated 
silica sols, is the use of reduced viscosity (ηred) 
which is defined with Equ. 5.1 where c is the solids 
loading in g/100ml. Specific viscosity is defined by 
Equ. 5.2 [SAK-1982].  
Equ. 5.1 
c
specific
red
η=η
 
Equ. 5.2 
 ( ) solventsolventmeasuredspecific / ηηη=η −  
 
 80 
2 4 6 8 10 12 14 16 18 20 22 24 26 28
0
1
2
3
4
5
6
0.380.360.34
0.31
 0.29
0.28
0.27
 0.25
0.21
0.16
0.14
0.06
0.18 0.31
0.56
0.68
0.82 *
*
*) numbers denote R 
B
A
 NO3
-/Al = 2.2
 NO3
-/Al = 0.6
η re
du
ce
d i
n 
10
0m
l/g
c(Al2O3) in g/100ml
Figure 5.2. Reduced viscosity calculated with viscosity values 
taken at a shear rate of 2500 s-1 as a function of solids loading 
and NO 3¯ /Al molar ratio, from Dressler et al. [DRE-2006]. 
Depending on the structure of the dispersed 
particles, reduced viscosity can be described by two 
expressions. According to Einsteins’s theory of non 
interacting hard spheres viscosity rises linearly with 
increasing particle concentration [BRI-1992]. 
Hence, the derivative of viscosity with respect to 
solids loading is a function independent of solids 
loading and can be described by a constant. In such 
a case Equ. 5.3 applies, where k1 is a constant and ρ 
is the density of the colloidal particles [SAK-1982].  
 
ρ=η /k1red    Equ. 5.3 
 
If particles interact with each other, viscosity rises 
not only because solids loading is increasing but 
because additional forces arise. These forces 
resulting from interactions such as entanglement of 
chainlike particles provoke a nonlinear increase in 
viscosity. A system containing interacting particles 
can thus be described by Equ. 5.4 [SAK-1982], 
where k2 is a constant and [η] is the intrinsic 
viscosity which equals the reduced viscosity of a 
polymer at its infinite dilution. 
 
 [ ] [ ] ck22red η+η=η   Equ. 5.4 
 
Figure 5.2 shows calculated reduced viscosity. As 
can be seen, reduced viscosity is almost constant, if 
solids loading is not exceeding ~ 6 wt% in sols with 
a NO 3¯ /Al molar ratio of 2.2. Sols with a lower 
nitrate concentration (i.e. NO 3¯ /Al = 0.6) exhibit an 
almost constant reduced viscosity, if solids loading 
is below ~ 18 wt%. The concept of reduced 
viscosity thus implies the presence of spherical 
particles in sols with NO 3¯ /Al = 0.6 up to a solids 
loading of ~ 18 wt%, whereas sols with 
NO 3¯ /Al = 2.2 contain spherical particles, only if 
solids loading is below ~ 6 wt%. Both types of sols 
show an increase in reduced viscosity, if a certain 
solids loading is exceeded. According to the model 
applied by Sakka and Kamiya [SAK-1982], this 
rise in reduced viscosity indicates the presence of 
chainlike particles. In the frame of their concept, 
particle shape is changing from spherical to 
chainlike if solids loading is increased above 
~ 6 wt% and ~ 18 wt% in sols having a molar ratio 
of NO 3¯ /Al = 2.2 and NO 3¯ /Al = 0.6, accordingly. It 
is interesting to note that sols with high nitrate 
content (NO 3¯ /Al = 2.2) exhibit Newtonian flow 
characteristics even if according to the model of 
reduced viscosity interacting particles, e.g. 
chainlike species, are present. Sols with lower 
nitrate content (NO 3¯ /Al = 0.6) also show 
Newtonian flow characteristics, if solids loading is 
increased above ~ 18 wt% into the “region” were 
chainlike particles are expected to be present. As 
was shown in Figure 4.11, a sol having a molar 
ratio of NO 3¯ /Al = 0.6 and a solids loading of 
24.6 wt%, still showed Newtonian flow 
characteristics. Only when solids loading was 
increased to 25.6 wt% a distinct structural viscosity 
behavior was observed in freshly prepared sols with 
NO 3¯ /Al = 0.6. A similar result was reported by 
Maki and Sakka [MAK-1988]. They analyzed 
freeze dried sol samples with TEM and found that 
their sols containing round and granular particles 
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exhibited structural viscosity behavior whereas sols 
with fibrous particles remained Newtonian. 
According to these authors, the structural viscosity 
behavior of sols with spherical and granular 
particles results from the fact that these particles 
“bond” together. When shear rate is increased, 
these bonds can be destroyed, thus viscosity is 
decreasing. Fibrous particles are believed to be 
lined up in bundles which do not entangle. 
According to Maki and Sakka [MAK-1988], this 
“non-entanglement” results in Newtonian behavior. 
As a result of Maki’s and Sakka’s [MAK-1988] 
finding it is justified to assume that particle shape is 
not the only factor controlling whether Newtonian 
or structural viscosity behavior occurs.  
Similar values for reduced viscosity do not 
imply similar general flow characteristics as can be 
seen if comparing sols labeled “A” and “B” in 
Figure 5.2. While sample A having a molar ratio of 
NO 3¯ /Al = 2.2 exhibits Newtonian flow 
characteristics sol B shows pronounced structural 
viscosity. The corresponding flow curves are 
depicted in Figure 4.13 and Figure 4.14. 
Considering flow characteristics of sols having 
molar ratios of NO 3¯ /Al = 2.2 and 0.6 one could 
conclude that further reducing nitrate content 
allows for the preparation of sols with Newtonian 
flow characteristics even at higher solids loadings 
than 24.6 wt%. However, this way is limited as sols 
with much lower nitrate content than 
NO 3¯ /Al = 0.6, e.g. NO 3¯ /Al = 2.2, were: (i) not 
stable and (ii) milky, which indicated the presence 
of bigger particles. As a result, there is an optimum 
for preparing sols with Newtonian flow 
characteristics and high solids loading.  
It should be noted that only freshly prepared sols 
at NO 3¯ /Al = 0.6 having a solids loading above 
~ 18 wt% initially exhibited Newtonian flow 
characteristics. These sols turned into media 
observing structural viscosity behavior upon aging. 
The possible explanation might be that chainlike 
particles in these freshly prepared sols only 
marginally show a tendency to entangle. Only after 
some days of aging particles interact in such a way 
as to cause structural viscosity behavior. Once this 
equilibrium state, with possibly entangled particles, 
is reached, these sols show a remarkable long term 
stability although exhibiting structural viscosity 
behavior. Such an excellent long term stability even 
if having structural viscosity behavior was observed 
in the sol with the highest solids loading of 
25.6 wt%. Within the first two weeks after 
preparation, a rapid increase in viscosity was 
observed, while further aging up to 374 d resulted 
only in a small viscosity increase.  
The observed increase in particle size from 
10 nm to 25 nm in sols with NO 3¯ /Al = 0.6, which 
was observed when measuring sols with solids 
loadings of 6.0 wt% and 19.0 wt%, does not 
correspond to a significant increase in viscosity. As 
a result it can be concluded that changes in particle 
size between 5 nm and 25 nm (AS values taken) in 
sols having a nitrate content of NO 3¯ /Al = 0.6 have 
no major influence on viscosity behavior.  
It is interesting to note that at solids loadings 
above ~ 18 wt%, when viscosity and reduced 
viscosity begins to rise rapidly, i.e. when chainlike 
particles are expected to be present, particle size 
measured with AS reaches a plateau. In order to 
give a possible explanation for this result, the 
following should be noted. If one assumes a sample 
to contain well dispersed particles, AS will give a 
certain value for particle diameter. If these well 
dispersed particles start to form “soft” agglomerates 
which do not adequately interact with the acoustic 
waves used during AS measurements then, in the 
ideal case, AS will still give the particle size of the 
primary particles, of which the agglomerates 
comprise of. This effect results from the physical 
principle behind AS. As a result it could be 
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surmised that the chainlike particles being present 
in sols with solids loadings higher than ~ 18 wt% 
may comprise of particles having a diameter of 
25 nm.  
A reason for the change from spherical to 
interacting chainlike particles can be seen in the 
concentration of aluminum nitrate. As was outlined 
in the experimental section, ASB is added into a hot 
watery solution of aluminum nitrate. The use of 
aluminum nitrate, thus a salt raises the question of 
how far sols can be concentrated without provoking 
the formation of precipitates. The maximum 
amount of aluminum nitrate dissolvable in water 
amounts to 663.9 g per 1 liter of water, thus the 
maximum concentration of aluminum nitrate 
equals: 
 Equ. 5.5. 
 
( )( ) 4.09.1663/9.663m/mR totOH9NOAlmax max233 === •
 
If aluminum nitrate is assumed to be present in sols 
in the dissociate form, one can calculate the 
aluminum nitrate concentration in modified Yoldas 
sols by using the following equation.  
Equ. 5.6. 
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In Figure 5.2 the aluminum nitrate concentration, 
thus the R value, is given for each sol shown. The 
fact that R values higher than the theoretical 
maximum of 0.4 can be found shows that sole 
considerations of solubility are not justified. 
However, it is evident that the solids loading from 
which on reduced viscosity is rising corresponds to 
an R value of ~ 0.3. It can be surmised that this 
result is an indication towards the influence of 
electrolyte concentration. It is a remarkable finding 
that, irrespective of molar ratio in the observed 
range of 0.6 ≤ NO 3¯ /Al ≤ 2.2, sols show a distinct 
change in viscosity and presumably particle shape 
at an aluminum nitrate concentration of R ~ 0.3.  
 
Influence of Al speciation  
It was shown above that sols having a high molar 
ratio of NO 3¯ /Al = 2.2 contained monomeric, 
dimeric and possibly trimeric Al species. This is in 
line with literature data [NOF-2006], since pH of 
these sols is well below 3. As a consequence, the 
assumed chainlike species in sols with 
NO 3¯ /Al = 2.2 and c(Al2O3) > 6.0 wt% seem to 
comprise monomeric, dimeric and possibly trimeric 
Al species. Sols with lower nitrate content 
(NO 3¯ /Al = 0.6) contain monomers but also Al13 
cations and, depending on solids loading, also 
polymerized octahedral Al species. It was 
furthermore shown above and in [NOF-2006] that 
the rise in solids loading from 5.0 wt% to 13.0 wt% 
resulted in a drastic change in Al speciation. At 
5.0 wt% solids loading, 65 % of the NMR-visible 
Al was found to be incorporated in Al13 cations 
(Table 4.2, s-0.7-5.0-3.7). The second largest part 
of 21 % were assigned to polymerized species. This 
ratio was reversed when solids loading increased to 
13.0 wt%. At that concentration, 76 % of the 
detectable Al could be assigned to polymerized 
species and only 13 % were incorporated in Al13 
cations. Still, this change alone fails to explain the 
rise in viscosity at ~ 18 wt% in sols with 
NO 3¯ /Al = 0.6. If the concentration of Al13 
polycations alone would determine viscosity, then a 
more gradual increase in viscosity would be 
expected but not a sudden increase. The observed 
solids loading after which a drastic increase in 
viscosity and reduced viscosity takes place, namely 
~ 18 wt%, corresponds to a pH of ~ 3 which can be 
seen in Figure 4.12. In this work and [NOF-2006] it 
was found that Al13 cations are not stable when pH 
is reduced to below 3. Hence, sols with a solids 
loading higher than ~ 18 wt%, i.e. sols which show 
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a comparatively abrupt increase in viscosity, do not 
contain Al13 polycations. As a result, one could 
surmise Al13 cations to have a stabilizing effect on 
other species. A similar assumption was made by 
Assih et al. [ASS-1988], who argued that boehmite 
sols were stabilized by the presence of Al13 cations 
which bound onto the surface of boehmite particles. 
The assumption that Al13 particles attach on the 
particle surface seems to be supported by the fact 
that the change in viscosity is no gradual process 
but takes place rather abruptly at ~ 18 wt%. Thus, 
even a very low concentration of Al13 cations could 
be sufficient to stabilize other species. However, 
sols with high nitrate content (NO 3¯ /Al = 2.2) do 
not contain Al13 polycations. Despite this lack in 
Al13 polycations, these sols are stable and observe 
the same general sequence whereas a “region” of 
constant reduced viscosity is followed by a 
“region” of increased reduced viscosity, thus a 
range of solids loading were according to the 
concept of reduced viscosity chainlike particles are 
present. However, regarding solids loading these 
sols show a rise in viscosity at much lower solids 
loadings. It could thus be concluded that these sols 
are stabilized by a different mechanism compared 
to sols having a molar ratio of NO 3¯ /Al = 0.6.  
 
Optical transmission 
In addition to the above discussed differences in 
rheological behavior, sols having nitrate contents of 
NO 3¯ /Al = 2.2 and NO 3¯ /Al = 0.6 show markedly 
different transmission spectra. Having confirmed 
the small particle size in both types of sols with two 
different techniques (PCS, AS), some spectra can 
be explained by the theory of Rayleigh scattering. 
Rayleighs theory is based on the assumption that 
scattering particles have much smaller dimensions 
than the wavelength of the incident electromagnetic 
radiation. Different ratios between particle diameter 
(d) and wavelength (λ) until which Rayleigh 
scattering takes place are given in the literature. 
Values range between a: d ≤ λ/20 [KER-1969] and 
b: d ≤ λ/(2π) [HUL-1957]. At a given wavelength, 
criterion b includes bigger particles into Rayleighs 
theory than rule a. In this work, UV-vis 
transmission measurements were carried out in the 
wavelength range of 380 ≤ λmeasurement ≤ 780 nm. 
Slightly different particle sizes were obtained when 
using PCS or AS. The highest particle sizes were 
obtained when PCS was used. Sols having a nitrate 
content of NO 3¯ /Al = 0.6 showed particle sizes, 
obtained with PCS, of 39 nm at 25.6 wt% and 
30 nm at 5.0 wt% Figure 4.18. In the sol with 
5.0 wt% solids loading the less strict rule b is 
satisfied for the whole scanned wavelength interval 
as the inequality 30 ≤ λ/(2π) holds for all values in 
the interval 380 ≤ λ ≤ 780. At higher wavelengths 
even the stricter rule a is satisfied. The same 
applies for the sol with the highest solids loading of 
25.6 wt% were particle size was 39 nm (PCS). 
Within the whole scanned wavelength interval the 
weaker criterion b and at higher wavelengths even 
the stricter rule a is fulfilled. As mentioned above, 
particle sizes measured with PCS were always 
higher than the values obtained from AS 
measurements. Hence, if particle sizes of AS are 
assumed, the stricter rule a is valid for even greater 
wavelength intervals. As a result of the above given 
considerations it is justified to assume that Rayleigh 
scattering takes place in sols with nitrate contents 
of 0.6 ≤ NO 3¯ /Al ≤ 2.2 and within ranges for solids 
loading of 3.7 wt% ≤ c(Al2O3) ≤ 25.6 wt%.  
According to Rayleigh’s theory, the intensity of 
scattered radiation (Iscattered) depends on wavelength 
of incident radiation in the following way: 
Iscattered ~ 1/λ4. Thus, the smaller the wavelength the 
higher the intensity of the scattered light. A higher 
intensity of scattered light provokes a decrease in 
the amount of radiation being transmitted through a 
system. A system containing particles acting as 
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Figure 5.3. Correspondence of optical transmission at a 
wavelength of 380 nm and particle size determined with AS as 
a function of solids loading. Molar ratio of used sols 
NO 3¯ /Al = 0.6. 
Rayleigh scatters should therefore observe lower 
transparency values at decreasing wavelengths. 
Such a behavior can be observed in Figure 4.16. 
Some sol samples exhibited a marked decrease in 
transparency with decreasing wavelengths. Apart 
from wavelength solids loading also has an 
influence on transparency. In general, sols with 
higher solids loading show a lower transparency. 
This could be explained by two mechanisms: (i) 
change of optically relevant particle size and (ii) 
multiple scattering. In the case of Rayleigh 
scattering, increased particle size leads to decreased 
transparency values as intensity of scattered light is 
not only depending on wavelength but also 
proportional to the 6th power of particle diameter 
[SCH-1994].  
Because of the huge impact of particle diameter 
(6th power) one could therefore assume 
transparency values to show a marked decrease if 
particle size is increasing. However, in the case of 
sols having a molar ratio of NO 3¯ /Al = 0.6 exactly 
the reverse trend was observed. This is illustrated in 
Figure 5.3, which includes a transmission curve 
already shown in the inset in Figure 4.16 and 
particle size data shown in Figure 4.18. As can be 
seen, no distinct loss in transparency is observed 
when particle size (measured with AS) is increasing 
from 10 nm to 25 nm. On the contrary, when 
particle size is reaching a plateau transparency is 
decreasing drastically.  
The slight decrease in transparency up to 
~ 15 wt% might be attributed both to an increase in 
particle size and solids loading. Increased particle 
size reduced transparency because of the increased 
intensity of scattered radiation, which depends on 
particle size. Increased solids loading results in 
multiple scattering effects. Against the background 
of this interpretation the even stronger transparency 
decrease in sols having a solids loading higher than 
~ 15 wt% arises the following question. If a particle 
size increase is responsible for the transparency 
decrease in sols having a solids loading below 
~ 15 wt%, then why is there a marked loss in 
transparency although particle size measured with 
AS reaches a plateau of 25 nm between 19.0 wt% 
and 23.9 wt%. This seemingly contradictory result 
might be explained when looking at particle shape. 
It was shown above that according to the concept of 
reduced viscosity sols with a molar ratio of 
NO 3¯ /Al = 0.6 and a solids loading higher than 
~ 18 wt% contain chainlike particles. As was 
discussed above, one might hypothesize that the 
chainlike particles comprise of primary particles 
having a diameter of 25 nm. In the framework of 
this hypothesis, the detected plateau in particle size 
can be attributed to the fact that the overall 
dimension of aggregates such as chains is not 
accessible to AS, which measures the diameter of 
the primary particles. One might hypothesize 
furthermore that the chainlike shape caused the 
increased loss in transparency. It is well known that 
particle geometry has an effect on scattered 
radiation [DÖR-1994].  
Apart from effects like multiple scattering, 
particle size and particle shape Al speciation, thus a 
change in basic physical properties like 
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polarisability, refractive index or absorption of 
scattering particles, could be taken into 
consideration in order to explain the observed 
transparency behavior. The solids content above 
which transparency decreases drastically, namely 
~ 15 wt%, roughly coincides with a change in Al 
speciation as was shown in this work and by Nofz 
et al. [NOF-2006]. While 65 % of the detectable Al 
were incorporated in Al13 polycations in a sol 
having a nitrate content of NO 3¯ /Al = 0.7 and a 
solids loading of 5.0 wt% (s-0.7-5.0-3.7), this 
amount was reduced to 13 % when increasing 
solids loading to 12.0 wt% (s-0.7-12-3.1). 
Concomitantly the amount of polymerized 
octahedral Al species increased from 21 % (s-0.7-
5.0-3.7) to 76 % (s-0.7-12.0-3.1). It could thus be 
surmised that in sols with NO 3¯ /Al = 0.6 the change 
from Al13 cations to polymerized Al species might 
influence the transparency properties. 
The assumption of Al speciation being a key 
factor controlling transparency is further supported 
by the observed transparency spectra of sols having 
a molar ratio of NO 3¯ /Al = 2.2. No significant 
influence of neither particle size nor wavelength on 
transparency values was found in these sols. As 
both of these factors fail to give an explanation for 
the observed spectra, the Al speciation is the only 
explanation left. In contrast to sols with lower 
nitrate content these sols contain monomeric, 
dimeric and possibly trimeric Al species only. As 
was already surmised in an earlier work 
[DRE-2006], these species might have a lower 
polarisability as the species in sols at 
NO 3¯ /Al = 0.6. A lower polarisability implies a 
lower interaction of particles with incident 
radiation, thus transmission would not be hindered.  
It is evident that a detailed study regarding the 
interplay between Al speciation, particle size, 
particle shape, flow characteristics and optical 
properties should be carried out.  
Conclusion: Rheology, UV-vis transparency, 
particle size 
Sols with a molar ratio of NO 3¯ /Al = 0.6 have 
Newtonian flow characteristics up to a solids 
loading of ~ 25 wt%. Higher solids loadings lead to 
structural viscosity behavior. In the analyzed range 
of solids loading sols with a much higher nitrate 
content, i.e. NO 3¯ /Al = 2.2, showed no structural 
viscosity at all. All sols showed excellent long term 
stability. Even sols with initial structural viscosity 
behavior showed no signs of gelation even after 
1 year of aging. Spherical particles are present up to 
a solids loading of ~ 6 wt% (~ 18 wt%) in sols 
having a nitrate content of NO 3¯ /Al = 2.2 
(NO 3¯ /Al = 0.6). Above these critical solids loading 
chainlike particles are present. The change of 
spherical to chainlike particles corresponds to an 
aluminum nitrate concentration of R ~ 0.3.  
 
Influence of binder/suspension 
addition 
Binder addition 
Both absolute viscosity values and flow 
characteristics change if PVP is added to sols. As a 
result of PVP addition, sols observed a transition 
from Newtonian to structural viscosity behavior, 
which is indicative of the formation of aggregates 
[SAC-1987]. These aggregates break up at 
increased shear rates which is the reason for 
reduced viscosity at the highest used shear rate of 
2500 s-1. The formation of aggregates suggests that 
PVP interacts with the sol particles. This interaction 
of PVP with sol particles is illustrated by the 
following: A PVP-sol mixture containing 2.5 wt% 
PVP exhibited structural viscosity behavior 
whereas a watery PVP solution having PVP 
concentrations higher than 2.5 wt%, e.g. 6.0 wt%, 
still shows Newtonian behavior (Figure 4.19). 
Apart from general flow characteristics the 
observed increase in viscosity may also be seen as 
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an indication for an interaction of PVP with sol 
particles. As can be seen in Figure 4.20 viscosity 
increased markedly to 41 mPas (2500 s-1) when 
2.4 wt% PVP were added into a sol containing 
initially 18.0 wt% Al2O3 (NO 3¯ /Al = 0.6). In 
contrast, a watery PVP solution containing 2.5 wt% 
PVP but no sol particles had a viscosity of only 
8.4 mPas (2500 s-1). The PVP-free sol had a 
viscosity of 5 mPas (2500 s-1).  
Instead of assigning the observed change in flow 
characteristics to an interaction between PVP 
molecules and sol particles one could hypothesize a 
change in Al speciation to be the reason. However, 
as was shown in Figure 4.22 PVP does not seem to 
have any detectable effect on Al speciation.  
It should be noted that the interaction of PVP 
with sol particles is an interesting finding as PVP is 
a nonionic polymer with even an even slightly 
positive charge [BAJ-2000, ESU-1994]. Thus, the 
positively charged alumina species should not 
readily adsorb on PVP molecules. Blum and Eberl 
[BLU-2004] noticed that PVP does not show 
sorption onto gamma-Al2O3, amorphous Al(OH)3 
and gibbsite over a wide range of pH. Similarly, 
Pattanaik and Bhaumik [PAT-2000] reported that 
there is no significant adsorbtion of PVP onto 
alumina, the type of which was not specified. 
However, reports about small amounts of adsorbed 
PVP onto positively charged gamma-Al2O3 or 
alpha-Al2O3 can be found in [BAJ-2000, 
SAK-2002, ESU-1994] and [SEQ-1999]. 
According to Bajpai and Vishwakarma 
[BAJ-2000], which investigate the interaction of 
PVP with fullers earth (a mixture of different clay 
minerals), PVP adsorbs via H-bonding onto 
AlOH-groups, which undergo protonation at 
pH < 7.  
Interaction between PVP molecules and sol 
particles changes, if solids loading of the sols 
increases above ~ 17 wt%. This is illustrated in 
Figure 4.21. If sols have a starting solids loading 
equal or lower than ~ 17 wt%, viscosity at 2500 s-1 
rises by a factor of ~ 5 if PVP concentration is set 
to ~ 1.5 wt%. The same PVP addition results in 
only a three-fold viscosity increase in a sol with 
initially 23.0 wt%. A corresponding lower relative 
increase based on viscosity of the PVP-free sol was 
found when setting the PVP concentration to 
~ 2.5 wt%. While in sols having a solids loading 
smaller than ~ 17 wt% such a PVP concentration 
provokes a rise in viscosity (2500 s-1) by a factor of 
8 (compared to PVP-free sol), viscosity (2500 s-1) 
of a sol with 23.0 wt% solids loading rises only by 
a factor of 5.  
The threshold for the observed change in effect 
of PVP addition corresponds with the change from 
spherical to chainlike sol particles. As was 
discussed earlier on, according to the concept of 
reduced viscosity sols having a solids loading 
above ~ 18 wt% contain chainlike particles, 
whereas more dilute sols contain spherical particles. 
It is interesting to note that introduction of PVP 
molecules into sols with chainlike particles 
(c(Al2O3) > ~ 18 wt%) resulted in a lower relative 
increase in viscosity than when PVP was added into 
more dilute sols (c(Al2O3) < ~ 18 wt%) having 
spherical particles.  
The interaction of spherical particles with PVP 
has been investigated by Hoogsteen and Fokkink 
[HOO-1995]. These authors prepared Pd sols, 
which contained spherical particles with diameters 
below 10 nm as has been confirmed via TEM 
analysis. According to these authors PVP 
macromolecules wrap around Pd particles. If PVP 
concentration falls below a critical limit, Pd 
particles adsorb on the periphery of the PVP chains 
“saturated” with Pd particles. As a result, bridging 
flocculation results. In contrast to the findings by 
Hoogsteen and Fokkink [HOO-1995], no 
flocculation effects were observed in modified 
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Yoldas sols when mixed with PVP. This points 
towards a different binding mechanism of PVP with 
Al species present in modified Yoldas sols. In order 
to reveal the binding mechanism between particles 
in modified Yoldas sols and PVP, further research 
is needed. Explaining the observed interaction 
between PVP and modified Yoldas sols is further 
complicated by the presence of different Al species 
as has been confirmed via 27Al NMR analysis. 
These Al species may form mixed aggregates 
comprising polymeric species, monomers and Al13 
polycations in different proportions.  
 
Addition of corundum suspension  
The above outlined system becomes more complex 
when not only PVP but also corundum suspension is 
added. First PVP-free sol-suspension mixtures will 
be discussed. As was shown in the results section, 
total solids loading (XA+XC) and A/C mixing ratio 
are important parameters controlling stability of 
PVP-free sol-suspension mixtures. Interaction in 
17/70 sol-suspension mixtures, where visible 
flocculation occurred, is apparent. On the other hand, 
no obvious flocculation but sedimentation was 
observed in 17/20 and 5/20 mixtures after several 
hours. As corundum suspension itself showed a 
sedimentation after several hours sedimentation in 
PVP-free sol-suspension, mixtures cannot 
unambiguously be assigned to the formation of 
agglomerates. From the recorded flow curves 
(Figure 4.26) one might deduce that no apparent 
structural viscosity behavior occurs which points 
towards the absence of agglomerate formation 
[SAC-1987]. The observed seemingly higher 
viscosity values at low shear rates should not be 
regarded as signs of agglomerate formation, but 
rather be attributed to the fact that these low 
viscosities represent the lower measuring range of 
the used rheometer. Furthermore, this initial drop in 
viscosity can be reduced when increasing the time 
span between closing the cone-plate setup and 
starting the measurement [SOJ-2006].  
Another factor pointing towards only a small 
interaction in 17/20 and 5/20 sol-suspension 
mixtures is the almost completely proportionate 
evolution of viscosity. As an example one might see 
the mixing of a sol having a solids loading of 
17.0 wt% (NO3¯/Al = 0.6) with 20.0 wt% corundum 
suspension (Figure 4.26). As both the sol and the 
corundum suspension observed roughly the same 
solids loading, the A/C ratio equals the weight ratio 
of the two components. At A/C = 1 roughly the same 
amounts of sol and suspension were mixed. The 
resulting sol-suspension mixture had a viscosity of 
2.8 mPas (2500 s-1) which is almost exactly in 
between the values of the sol (5.0 mPas, 2500 s-1) 
and the corundum suspension (1.6 mPas, 2500 s-1), 
as  
 
0.5 · 5.0 mPas + 0.5 · 1.6 mPas = 3.3 mPas.  
 
Despite the absence of any distinct increase in 
viscosity, as observed when adding PVP to sols, 
and despite the lack of pronounced, agglomeration 
induced, structural viscosity behavior these 5/20 
and 17/20 mixtures seemed to contain 
agglomerates, as was found out with SEM analysis. 
Figure 5.4 shows SEM micrographs of coatings 
prepared with a PVP-free 5/20 mixture via spin 
coating on glass substrates at 2000 rpm after heat 
treatment to 500 °C in air. The increased content of 
agglomerates with decreasing A/C mixing ratios 
can be attributed to the fact that decreased A/C 
ratios imply an increased content of corundum 
suspension.  
Instead of regarding the depicted agglomerates 
(Figure 5.4) as a sign for the presence of 
agglomerates in the sol-suspension mixtures one 
might surmise that these agglomerates were formed 
as a result of evaporation of dispersant during spin 
coating. It can not be excluded that such a 
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mechanism actually contributed to agglomerate 
formation, but as sedimentation was observed in 
these sol-suspension mixtures, the depicted 
agglomerates can indeed be attributed to limited 
stability of the sol-suspension mixtures debated 
here.  
 
Addition of corundum suspension and PVP 
Alike to the findings for sol-PVP mixtures, addition 
of PVP markedly effects viscosity of both 
corundum suspension and mixtures of corundum 
suspension with modified Yoldas sols. As was 
shown in Figure 4.25, addition of PVP to corundum 
suspension having a solids loading of 20.0 wt% 
results in a change from Newtonian flow 
characteristics to structural viscosity behavior. It is 
evident that PVP interacts with corundum particles 
as the resulting viscosity after setting PVP 
concentration to 1.5 wt% is much higher than both 
viscosity of watery PVP solution containing 
1.5 wt% PVP (Figure 4.19) and viscosity of sole 
corundum suspension containing 20.0 wt% Al2O3 
(Figure 4.25). Furthermore, both watery PVP 
solution at 1.5 wt% PVP and corundum suspension 
with a solids loading of 20.0 wt% Al2O3 show 
Newtonian flow characteristics, whereas setting the 
PVP content to 1.5 wt% PVP in a corundum 
suspension with 20.0 wt% Al2O3 results in 
structural viscosity behavior, as viscosity ranges 
between 40 mPas (77 s-1) and 16 mPas (2500 s-1). It 
is interesting to note that further increasing PVP 
concentration up to 4.8 wt% does not result in a 
more pronounced structural viscosity. While 
viscosity in a corundum suspension (20.0 wt%) 
containing 1.5 wt% PVP drops about 24 mPas 
between shear rates of 77 s-1 and 2500 s-1, within 
the same shear rate interval only a loss of 12 mPas 
was observed in a corundum suspension containing 
4.8 wt% PVP.  
Different effects can be discussed in mixtures of 
PVP and corundum suspension: (i) electrostatic 
stabilization, (ii) steric stabilization, (iii) depletion 
stabilization or (iv) bridging flocculation and (v) 
depletion flocculation (ref. introduction section).  
It seems unlikely that the observed changes in 
structural viscosity behavior were caused by a 
change in electrostatic stabilization out of the 
following reasons: (i) The amount of introduced 
PVP solution is rather small, hence the expected pH 
change is negligible, and (ii) PVP is a nonionic 
polymer [BAJ-2000], which implies that it does not 
change the ionic strength, that might effect the 
electric double layer.  
The observed less pronounced structural 
viscosity behavior resulting from an increase in 
PVP concentration might rather be explained with 
bridging and steric stabilization related effects. If 
PVP adsorbs onto a particle surface, flocculation 
A/C = 1 A/C = 0.3 A/C = 3 
20 µm 20 µm 20 µm 
Figure 5.4. Micrographs showing surfaces of glass substrates coated at 2000 rpm via spin coating after heat treatment at 500 °C. 
Coating media used was a 5/20 sol-suspension mixture at different A/C mixing ratios. 
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might be prevented due to a steric stabilization 
mechanism. However, if particles are insufficiently 
covered with PVP, bare patches are formed onto the 
particle surfaces. PVP polymer strings already 
attached to other particles may absorb onto these 
bare patches (bridging, [TAD-1987, p. 261]), thus 
resulting in the formation of bigger aggregates. As 
a result, one could surmise the following: In the 
case of a PVP content of 1.5 wt% corundum 
particles are insufficiently covered with PVP, hence 
bridging effects resulted in the formation of 
aggregates which lead to the pronounced structural 
viscosity behavior. As the PVP content was 
increased to 4.8 wt%, bare patches, which provoked 
bridging flocculation, were covered with additional 
PVP molecules, resulting in a decrease of number 
of possible “bridging sites”. As a result, the number 
of bare patches is reduced with increasing PVP 
concentration. This in turn explains the observed 
increased stability, i.e. the reduced structural 
viscosity behavior.  
Another explanation for the observed reduction 
in structural viscosity behavior with increased PVP 
content could be a possible depletion stabilization 
mechanism as will be illustrated in the following. 
Esumi et al. [ESU-1994] and Séquaris et al. 
[SEQ-1999] investigated the adsorbed amount of 
PVP onto alpha-Al2O3 and gamma-Al2O3. Although 
using very different types of alumina and PVP 
(Table 5.1), both authors reported almost similar 
maximum adsorption values for PVP, namely 
0.3 mg/m2 [SEQ-1999] and 0.5 mg/m2 [ESU-1994]. 
The highest PVP concentration above which no 
more PVP adsorption takes place was reported by 
Esumi et al. [ESU-1994]. According to these 
authors, this value equals a PVP concentration of 
2000 mg/liter. If assuming the density of the 
solutions prepared by Esumi et al. [ESU-1994] and 
obtained in this work to be roughly 1000 g/liter, 
then the maximum equilibrium PVP concentration 
of 2000 mg/liter equals a PVP concentration of 
0.2 wt%. This result implies that at PVP 
concentrations equal or higher than 0.2 wt% PVP 
all corundum particles could be completely covered 
with a PVP layer. This threshold for complete PVP 
coverage is contradictory to the above discussed 
bridging effect, which involves the presence of bare 
patches, i.e. uncovered corundum particle surface, 
in corundum suspensions containing 1.5 wt% PVP. 
Hence, the above given explanation of the observed 
reduced structural viscosity behavior in corundum 
suspensions being the result of improved PVP 
coverage becomes unlikely.  
The above outlined considerations are based on 
the maximum equilibrium concentration in a 
suspension containing PVP and alumina particles. 
Another parameter given by Esumi et al. 
[ESU-1994] and Séquaris et al. [SEQ-1999] is the 
maximum coverage per surface area. The following 
expression (Equ. 5.7) allows for the calculation of 
the theoretical PVP loading per surface area, if all 
particles dispersed in a system are assumed to have 
 type of alumina particle size 
surface 
area 
Mw of 
PVP 
maximum 
PVP 
adsorption 
equilibrium PVP 
concentration 1 reference 
  in µm in m2/g in kg/mol in mg/m2   
 alpha-Al2O3 0.5 10 16 0.5 2000 mg/liter [ESU-1994] 
 gamma-Al2O3 0.2 100 44 0.3 1200 mg/liter [SEQ-1999] 
 1) minimum concentration at which maximum PVP adsorption occurs 
        
Table 5.1. Literature values for amount of adsorbed PVP onto alumina particles. 
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a spherical shape (for details see appendix section). 
A stands for the sum of the surface area of all 
particles dispersed in a system. cPVP, ρAl2O3 and r 
represent the PVP concentration the density of the 
dispersed alumina particles and their radius, 
respectively.  
Equ. 5.7 
)OAl(c3
rc
A
m
32
OAlPVPPVP 32ρ=
   
 
According to SEM analysis (picture not shown), 
particles dispersed in corundum suspension have a 
diameter between 0.1 µm and 0.4 µm. The density of 
corundum is given with 3.99 g/cm3 [PET-1976]. 
When adding watery PVP solution containing 
15.0 wt% PVP into a sol with 20.0 wt% corundum in 
order to obtain a total PVP content of 1.5 wt% the 
resulting corundum concentration is reduced to 
~ 18 wt%. As a result, PVP coverage in a corundum 
suspension containing 1.5 wt% PVP amounts to 
mPVP/A = 44.3 mg/m
2 in the case of 0.4 µm particles 
and mPVP/A = 11.1 mg/m
2 in the case of 0.1 µm 
particles. It is obvious that in such a system the 
maximum coverage of 0.5 mg/m2 [ESU-1994] would 
be exceeded. As it seems unlikely that such a high 
PVP coverage might indeed exist, it is more likely 
that in a corundum suspension with a solids loading 
of 18 wt% Al2O3 and a PVP content of 1.5 wt% PVP 
all corundum particles are well covered with PVP, 
whereas some PVP molecules remain unadsorbed to 
any particle surface. This implies that the assignment 
of the observed structural viscosity behavior to 
bridging effects in the above discussed 
PVP-corundum system has to be discarded, as 
bridging can only take place, if particles are 
incompletely covered with PVP.  
As all particles seem to be fully covered with 
PVP, it is thus rather likely that in PVP-corundum 
suspension systems containing more than 1.5 wt% 
PVP a depletion stabilization mechanism takes 
place. As pointed out by Tadros [TAD-1987, p. 268] 
depletion flocculation occurs, if a “free”, 
nonadsorbing polymer is added into a dispersion. 
When particles are approaching each other, they 
squeeze out polymer molecules. For thermodynamic 
reasons the remaining polymers outside the cleavage 
between the two approaching particles induce a 
further attractive force between the two particles, 
thus resulting in the formation of agglomerates. If 
the polymer concentration is increased above a 
critical value the reverse effect, namely 
restabilization (depletion stabilization) may occur 
[TAD-1987, p. 268]. If indeed depletion stabilization 
is the reason for the observed reduction in aggregate 
formation with increasing PVP concentration, then 
reducing the PVP content below a critical limit 
should result in depletion flocculation. Below this 
critical PVP concentration the polymer content 
between the corundum particles is too low as to 
facilitate depletion stabilization. This is indeed the 
case. If reducing PVP concentration to 0.5 wt%, 
PVP corundum suspensions are no longer stable, but 
show flocculation after only a few minutes. If again 
applying Equ. 5.7, a corundum suspension 
(c(Al2O3) = 20.0 wt%) containing 0.5 wt% PVP has 
a theoretical PVP coverage of 13.3 mg/m2 in the case 
of 0.4 µm particles and of 3.3 mg/m2 in the case of 
0.1 µm particles. Both values are still well above the 
limit of 0.5 mg/m2 reported by Esumi et al. 
[ESU-1994]. This result can be interpreted similarly 
as in the case of a corundum suspension containing 
1.5 wt% PVP were 44.3 mg/m2 have been calculated 
(Equ. 5.7). The particles dispersed in a corundum 
suspension containing 0.5 wt% PVP are still 
completely covered with PVP as the limit for PVP 
coverage lies according to [ESU-1994] at 0.5 mg/m2. 
Between the PVP covered particles “free” PVP 
molecules exist. These free PVP molecules provoke 
depletion flocculation.  
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Sol-suspension mixtures containing PVP 
The above discussed interaction between PVP and 
corundum suspension becomes even more complex, 
if modified Yoldas sol is added. As has been shown 
above, mixing sols with 5.0 wt% and 17.0 wt% 
solids loading with corundum suspension having a 
solids loading of 20.0 wt% and 70.0 wt% obviously 
resulted in interactions between the sol and 
corundum particles. Furthermore, PVP interacts 
with (i) the corundum suspension as has been 
discussed in detail above and (ii) the particles in 
modified Yoldas sols.  
In addition to these already discussed effects 
there seems to be an additional interaction 
depending on the mixing between corundum 
suspension and modified Yoldas sol. As can be 
seen in Figure 4.27 and Figure 4.28, the most 
pronounced structural viscosity behavior, which 
indicates the formation of agglomerates, can be 
found at a mixing ratio of A/C = 0.3. This 
observation is valid for both PVP concentrations of 
PVP = 1.5 wt% and PVP = 4.8 wt%. It should be 
noted that compared to 5/20 mixtures 17/20 
mixtures show an earlier onset of structural 
viscosity behavior as can be seen in Figure 4.27. At 
a mixing ratio of A/C = 1 the 5/20 mixture still 
shows only very little structural viscosity behavior, 
while the 17/20 mixture exhibits pronounced 
structural viscosity at this A/C mixing ratio. One 
could therefore deduce that using a sol with 
5.0 wt% instead of 17.0 wt% results in more stable 
mixtures. However, it should be noted that the total 
solids loading of the resulting 5/20 and 17/20 
mixtures differs. Mixtures of 5/20 and 17/20 both 
containing 1.5 wt% PVP have a resulting solids 
loading of 7.0 wt% and 17.0 wt% accordingly, 
which results in a different PVP/alumina ratio. 
Additionally, sols with 5.0 wt% and 17.0 wt% 
differ regarding their speciation of Al species. In 
order to explain the observed maximum in 
agglomerate formation at A/C = 0.3 one could 
surmise that particles dispersed in modified Yoldas 
sols exert a significant influence. It was discussed 
above in detail that depletion flocculation and 
depletion stabilization effects can explain the 
observed flow curves for mixtures of corundum 
suspension with PVP. Lagaly et al. [LAG-1997, 
p. 147] pointed out that not only polymers but also 
small hydrophilic particles might cause depletion 
flocculation when dispersed among bigger 
particles. According to AS, particles originating 
from modified Yoldas sols have diameters of up to 
25 nm. Hence, these particles are much smaller 
than the corundum particles which have diameters 
in the range of 400 nm. As a result, particles 
originating from modified Yoldas sols might be 
able to provoke a destabilization according to a 
depletion flocculation mechanism. Similar to the 
argumentation for the influence of PVP on 
corundum suspensions one could suspect the 
following: If a depletion flocculation mechanism is 
the reason for the agglomerate formation at 
A/C = 0.3 and particles originating from modified 
Yoldas sols act as destabilizing agent, then an 
increased ratio of particles from modified Yoldas 
sols per corundum particles should result in more 
stable mixtures. This is indeed the case as structural 
viscosity behavior and thus the formation of 
agglomerates is reduced when A/C mixing ratio is 
increased. However, a comprehensive explanation 
with the given data is hindered as corundum 
suspension and modified Yoldas sols are both 
stable when containing 1.5 wt% PVP. As a result, 
further studies have to be carried out to give 
conclusive explanations for the observed interaction 
between PVP, modified Yoldas sols and corundum 
suspension. Nevertheless, the investigations carried 
out identified important parameters which were 
vital for designing proper coating agents.  
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Conclusion: Influence of binder/suspension 
addition 
The lower the solids loading of modified Yoldas 
sols and corundum suspensions the more the 
resulting sol-suspension mixtures show Newtonian 
flow characteristics. At a mixing ratio of A/C = 0.3 
sol-suspension mixtures show the highest tendency 
to form agglomerates, which, for instance leads to 
undesired structural viscosity behavior. PVP has 
proven to be a useful stabilizing agent, when 
present in a concentration of at least 1.5 wt% PVP. 
Lower PVP concentrations result in destabilization 
possibly caused by depletion flocculation. PVP 
interacts with both particles in modified Yoldas sols 
and corundum suspension resulting in pronounced 
structural viscosity behavior the higher the solids 
loading and PVP concentration. 
 
 
 
 
5.2  Xerogels 
Al speciation and phases in xerogels at 120 °C  
erogels heat treated at four different 
temperatures (120 °C, 500 °C, 850 °C 
and 1150 °C) were analyzed with 27Al 
MAS NMR, XRD and DTA. While only four-, 
five- and six-fold coordinated Al species (-10 ppm 
to 20 ppm, 30 ppm to 40 ppm and 50 ppm to 
80 ppm accordingly, [ACO-1994]) were 
distinguished within the results section, these 
described resonances will be assigned more 
specifically using information summarized in Table 
5.2. Three different AlO6 species can be 
distinguished in xerogel samples heated to 120 °C: 
(i) species at -1.2 ppm, (ii) Al13 related species at 
3.5 ppm and (iii) boehmite-like and transition 
aluminas at 8.0 ppm - 9.2 ppm. First the influence 
of decreased nitrate contents thus increased pH 
values in sols with high solids content (5…13 wt%) 
will be discussed.  
 
NO 3¯ /Al = 2.2 
Xerogels originating from concentrated sols with 
high nitrate content like NO 3¯ /Al = 2.2 (x120-2.2-
9.8-1.0) contain mostly species causing a signal at 
-1.2 ppm. The observed shoulder at ~ 3.5 ppm 
implies the presence of Al13 related species 
[BOT-1987]. It was mentioned by Wood et al. 
[WOO-1990] that according to 27Al NMR analysis 
species detectable at 3.3 ppm can be seen as “…a 
highly hydrolyzed precursor of the Al13 polycation 
and indeed may be a recognizable Al13 cluster 
fragment or subunit.” However, if Al13 polycations 
were present one would expect the presence of a 
signal at ~ 63 ppm [ALL-2001, BOT-1987]. No 
such resonance was observed in sample x120-2.2-
9.8-1.0, hence the presence of Al13 seems somewhat 
doubtful. One could speculate that the amount of 
Al13 was too low to produce a corresponding signal 
at ~ 63 ppm. However, rather the corresponding 
Al13 signal in the region of tetrahedrally 
coordinated Al (63 ppm) should be observable than 
the signal in the octahedral range [NOF-2006-A]. 
Hence, it can be concluded that no Al13 was present 
in xerogels originating from sols with a high nitrate 
content of NO 3¯ /Al = 2.2 when heated to 120 °C.  
The observed shoulder at 8.7 ppm results from 
boehmite-like species, which seem to be only a 
minor constituent in sample x120-2.2-9.8-1.0. The 
absence of a signal at ~ 63 ppm corresponds to the 
presence of boehmite-like species as boehmite does 
not cause a 27Al MAS NMR resonance at ~ 63 ppm 
X 
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       chemical shift δ (27Al) in ppm 
   
literature values this work 
assignment sample 
 
AlO6 
 
   
-1.2, -0.2 
  
x120-2.2-9.8-1.0 
 
 
 
3.6 [BOT-1987] 3.5 AlO6 units perhaps 
belonging to Al13 
polycations 
 
x120-0.5-13.1-3.3 
 
 
 
 
7.8 
9 
8.8 
[NAZ-1990] 
[MAC-2000] 
[FIT-1997] 
8.4...8.7 boehmite-like 
species 
x120-0.5-13.1-3.3,  
x120-0.2-6.0-4.9, 
x120-1.2-0.1-4.1, 
x120-0.5-0.3-4.3 
 
 
 
 
10 
9.0 
6.29 
[MAC-2000] 
[FIT-1997] 
[VAR-2004] 
7.4...~ 9 transition aluminas all samples after heat treatment at 
500 °C and 850 °C, x1150-0.2-6.0-
4.9 
 
 
 
 
13.9 
13.9 ± 0.2 
[FIT-1997] 
[SCH-2004] 
13.9 corundum all samples after heat treatment at 
1150 °C 
 
 
 
AlO5 
 
 
33 
36 
36 - 37 
38.0 ± 1.0 
 
 
[FU-1991] 
[MAC-2000] 
[FIT-1997] 
[FAN-1995] 
 
 
31.8...34.9 
 
five-fold 
coordinated 
aluminum species 
 
x120-0.5-13.1-3.3, x120-0.5-0.3-4.3, 
x120-1.2-0.1-4.1 
all samples after heat treatment at 
500 °C, residues in samples after heat 
treatment at 850 °C 
 
 
 
 
 
 
 
AlO4 
 
 
62.0 
63.3 
 
 
[ALL-2001] 
[BOT-1997] 
 
 
62.4...64.1 
 
central tetrahedron 
of Al13 polycations 
 
 
x120-0.5-13.1-3.3, 
x120-0.2-6.0-4.9 
 
 
 
 
 
67 
68.8 
63.92 
[MAC-2000] 
[FIT-1997] 
[VAR-2004] 
62.1...67.5 transition aluminas all samples after heat treatment at 
500 °C and 850 °C, x1150-0.2-6.0-
4.9 
 
 
 
 
 
Table 5.2. Assignment of resonances detected with 27Al MAS NMR. 
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Figure 5.5. Occurrence of five-fold coordinated alumina in 
xerogels after heat treatment at 120 °C as a function of pH and 
solids loading. 
[FIT-1997]. According to Table 5.2 one might also 
assign the resonance at 8.7 ppm in xerogels heated 
to 120 °C to transition aluminas such as 
gamma-Al2O3. This is not justified as gamma-Al2O3 
forms at higher temperatures [MIS-1986, p. 78]. 
Furthermore, gamma-Al2O3 contains AlO4 groups 
[ZHO-1991] which should cause a resonance in the 
tetrahedral range between 50 ppm and 80 ppm 
[ACO-1994]. 
 
NO 3¯ /Al = 0.6 
When reducing the nitrate content from 
NO 3¯ /Al = 2.2 (x120-2.2-9.8-1.0) to NO 3¯ /Al = 0.6 
(x120-0.5-13.1-3.3) pH value of parent sols 
increases from 1.0 to 3.3. This pH shift results in 
the formation of Al13 polycations identifiable in the 
resulting xerogels via resonances at 3.5 ppm and 
65.3 ppm [BOT-1987]. As boehmite-like species 
(8.7 ppm) represented only a minor constituent in 
the xerogel originating from a sol with 
NO 3¯ /Al = 2.2 (x120-2.2-9.8-1.0) this species forms 
a major constituent of xerogel x120-0.5-13.1-3.3, 
originating from a sol with a molar ratio of 
NO 3¯ /Al = 0.6. In contrast to the samples having 
parent sols with NO 3¯ /Al = 2.2 (x120-2.2-9.8-1.0) 
and NO 3¯ /Al = 0.2 (x120-0.2-6.0-4.9) sample x120-
0.5-13.1-3.3 contains a marked amount of Al in 
five-fold coordination.  
 
NO 3¯ /Al = 0.2 
In sample x120-0.2-6.0-4.9 whose parent sol had 
the lowest nitrate content of NO 3¯ /Al = 0.2 and thus 
the highest pH value of 4.9 boehmite-like species 
detectable by a resonance at 8.7 ppm are the 
predominant species. A weak signal at 62.4 ppm 
points towards the presence of a minor amount of 
Al13. No distinct shoulder at 3.5 ppm can be seen 
which might originate from the AlO6 species 
possibly incorporated into Al13 polycations. 
However, one could speculate that the observed 
asymmetry of the peak at 8.7 ppm might be due to a 
signal hidden underneath at 3.5 ppm.  
 
Influence of pH value  
It has been shown above that the occurrence of Al13 
polycations in sols depends on pH value. It could 
thus be expected that the presence of Al13 in 
resulting xerogels is somehow linked to pH value 
of parent sols. It will be shown in the following that 
pH value not only influences the presence of Al13 
but also of boehmite-like species and five-fold 
coordinated Al in the resulting xerogels. Figure 5.5 
summarizes results of 27Al MAS NMR 
experiments. It is evident that only sols having a pH 
value between 3.3 and 4.2 result in xerogels which 
do contain five-fold coordinated Al when heated to 
120 °C. It has been shown in [NOF-2006] that sols 
with a pH value below ~ 3 and prepared according 
to the modified Yoldas procedure applied in this 
work do not contain Al13 polycations. Vice versa, 
parent sols having a pH value in the indicated range 
of 3.3 and 4.2 do contain Al13 polycations. As a 
result, the presence of five-fold coordinated Al in 
xerogels after heat treatment to 120 °C seems to be 
related to the presence of Al13 polycations. The 
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dominating role of pH value on the presence of Al13 
polycations is illustrated in xerogel samples 
originating from parent sols having the same nitrate 
content but different solids loadings, such as 
xerogels x120-0.5-13.1-3.3 and x120-0.5-0.3-4.3. 
Both samples originate from sols having a molar 
ratio of NO 3¯ /Al = 0.6, whereas the parent sol of the 
former sample (x120-0.5-13.1-3.3) had a solids 
loading of 13.1 wt%. The latter sample (x120-0.5-
0.3-4.3) originated from a sol with a solids loading 
of only 0.3 wt%. As a result, the pH values of both 
parent sols differed markedly. The pH value was 
3.3 for the higher concentrated sample with a solids 
loading of 13.1 wt% (x120-0.5-13.1-3.3) which 
observed a higher Al13 related resonance at 
~ 63 ppm as sample (x120-0.5-0.3-4.3) originating 
from a less concentrated sol (0.3 wt%) having a 
much higher pH value of 4.3.  
Instead of changing solids loading at a given 
nitrate content, a further example for the influence 
of pH value can also be seen when increasing 
nitrate content at a given solids loading, which will 
be illustrated in the following. In very dilute sols 
(~ 0.2 wt%) such an increase in NO 3¯ /Al molar ratio 
resulted in decreased pH values as is illustrated in 
samples x120-1.2-0.1-4.1 and x120-0.5-0.3-4.3. 
The former, originating from a sol with (i) a nitrate 
content of NO 3¯ /Al = 1.2, (ii) a solids loading of 
only 0.1 wt% and (iii) a pH value of 4.1 showed a 
higher relative signal height at 61.9 ppm 
(attributable to Al13) compared to the latter sample 
x120-0.5-0.3-4.3, whose parent sol had a 
comparably low solids loading (0.3 wt%) but lower 
nitrate content (NO 3¯ /Al = 0.5) and hence a higher 
pH value of pH = 4.3. Another hint towards the 
presence of Al13 in the xerogel sample x120-1.2-
0.1-4.1 whose parent sol had a slightly lower pH 
value (pH = 4.1) than the corresponding parent sol 
of sample x120-0.5-0.3-4.3 (pH = 4.3) is the 
presence of a shoulder at 3.5 ppm (Figure 4.29.b).  
As a result, the following similar conclusion as 
for the presence of Al13 in sols might be drawn for 
Al13 presence in xerogels heated to 120 °C. 
Irrespective of nitrate content and solids loading, 
pH value of parent sols is the factor controlling Al13 
presence. This finding is remarkable for the 
following reason. During xerogel preparation the 
solids loading is gradually increased due to 
evaporation of dispersant. Hence, during xerogel 
formation the solids content is gradually increased, 
which as a tendency provokes a decline in pH 
value, the only factor presumably being constant 
during sol to xerogel transformation via 
evaporation of dispersant is the NO 3¯ /Al molar 
ratio. As a result, one might have assumed that 
nitrate content is the dominating factor in Al 
speciation. In other words: When regarding the two 
samples x120-0.5-13.1-3.3 and x120-0.5-0.3-4.3 
which both originate from parent sols with a nitrate 
content of NO 3¯ /Al = 0.5 but different solids 
loadings of 13.1 wt% (x120-0.5-13.1-3.3) and 
0.3 wt% (x120-0.5-0.3-4.3), one might have 
expected that these xerogels show a comparable Al 
speciation as at some point during evaporation the 
solids loading of the dilute parent sol is increased to 
13.1 wt%. It would be plausible to suspect that 
from that point on no difference in Al speciation 
between the two sols should be detected as now 
both sols undergo the same compositional changes 
in pH value and solids loading. Still, both parent 
sols result in differing xerogels. 
In order to explain this observation one might 
suspect two possible effects. (i) Initial pH value 
prior to addition of ASB might have an influence 
on Al speciation and (ii) Al speciation at room 
temperature prior to xerogel formation might 
perhaps be of importance.  
As was shown above, pH value has a huge 
impact on Al13 and five-fold coordinated Al. A 
similar influence of pH can be found on 
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boehmite-like species. It can be seen in Figure 4.29 
that samples having a high pH value tend to show 
less pronounced signs of the presence of Al13 
(resonances at ~ 63 ppm) and five-fold coordinated 
Al (30 ppm to 40 ppm). While these signals vanish, 
the resonance attributable to the presence of 
boehmite-like species (~ 9 ppm) remains and 
becomes the dominant feature. Similar to the 
findings for the presence of Al13 and five-fold 
coordinated species, pH value is the key factor for 
the presence of boehmite-like species as can be 
seen when comparing samples with different nitrate 
contents and different solids loadings but 
comparable pH values like x120-0.5-0.3-4.3, x120-
1.2-0.1-4.1 and x120-0.2-6.0-4.9 (Figure 4.29). The 
occurrence of boehmite-like species will be further 
discussed when analyzing DTA results.  
 
Thermal evolution 
Al speciation at 500 °C 
When heating xerogels to 500 °C, five-fold and 
four-fold coordinated Al is formed. The amount of 
five-fold coordinated Al decreases with increasing 
pH value of initial sols (Figure 4.30). While sample 
x500-2.3-4.7-2.7, which originates from a parent 
sol with a pH value of 2.7, showed the most 
pronounced resonance at ~ 35 ppm, only a small 
signal at this chemical shift can be found in x500-
0.2-6.0-4.9, whose parent sol had a pH value of 4.9. 
The samples originating from very dilute sols 
behave accordingly as x500-1.2-0.1-4.1 has a 
higher relative signal at ~ 35 ppm than x500-0.5-
0.3-4.3.  
The appearance of a signal or increase in signal 
height at ~ 63 ppm, being attributable to four-fold 
coordinated Al, could be interpreted as an 
indication of Al13 formation. However, as no 
corresponding signal at 3.5 ppm was detected in 
any sample heated to 500 °C, the increase in 
relative signal heights at ~ 63 ppm should rather be 
related to the formation of transition aluminas. It is 
well known that boehmite and pseudo-boehmite 
transform into gamma-Al2O3 at ~ 500 °C 
[MIS-1986, p. 78]. Gamma-Al2O3 has a spinel 
structure with tetrahedral and octahedral 
coordinated Al [ZHO-1991]. Hence, gamma-Al2O3 
shows resonances between ~ 64 ppm and ~ 69 ppm 
resulting from AlO4 and resonances between 
~ 6 ppm and ~ 10 ppm resulting from AlO6. As 
boehmite and pseudo-boehmite show only 
resonances at ~ 9 ppm resulting from AlO6 (Table 
5.2), the appearance or increase of resonances at 
~ 63 ppm after heating xerogel samples to 500 °C 
can thus be assigned to the transformation from 
boehmite/pseudo-boehmite into gamma-Al2O3. The 
formation of gamma-Al2O3 in the sample 
originating from a sol with a high pH value, namely 
x500-0.2-6.0-4.9, could be confirmed via XRD 
analysis (Figure 4.36). When comparing the 27Al 
MAS NMR spectra of sample x500-0.2-6.0-4.9, 
where according to XRD analysis gamma-Al2O3 
was detected, with other 27Al MAS NMR spectra of 
samples depicted in Figure 4.30, one finds that the 
samples having comparable pH values, namely 
x500-0.5-0.3-4.3 and x500-1.2-0.1-4.1, have similar 
spectra. As a result, one could suspect that these 
samples as well contain gamma-Al2O3 after heating 
to 500 °C. 
Xerogel samples x500-2.3-4.7-2.7 and x500-0.6-
9.7-3.4, whose parent sols had much smaller pH 
values than the parent sols of the above discussed 
samples (x500-0.2-6.0-4.9, x500-0.5-0.3-4.3 and 
x500-1.2-0.1-4.1), showed 27Al MAS NMR spectra 
with much higher resonances of five-fold and 
four-fold coordinated Al. One could surmise that 
decreasing pH value of parent sols results in 
xerogel samples containing amorphous aluminas or 
different transition alumina than gamma-Al2O3. 
This hypothesis is substantiated by the XRD pattern 
of sample x500-2.3-4.7-2.7 which showed no 
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pattern attributable to gamma-Al2O3 but could 
rather be seen as an indication for the presence of 
amorphous species.  
 
Al speciation at 850 °C and 1150 °C 
After heating to 850 °C, all xerogel samples seemed 
to have transformed into a similar state as 27Al MAS 
NMR spectra and XRD patterns were almost 
identical.  
Increasing heat treatment temperature even 
further to 1150 °C results in complete transformation 
of samples x1150-2.3-4.7-2.7 and x1150-0.6-9.7-3.4 
into alpha-Al2O3. Both samples originate from sols 
with low pH values (2.7 and 3.4). C-series sample 
x1150-0.2-6.0-4.9 originating from a sol with much 
higher pH value of 4.9 contained not only 
alpha-Al2O3 but also residues of transition alumina 
as not only a resonance caused by alpha-Al2O3 was 
detected at 13.9 ppm but also distinct signals at 
8.2 ppm and 67.5 pm. The presence of transition 
alumina residues was confirmed by XRD analysis 
which revealed the presence of theta-Al2O3 in 
sample x1150-0.2-6.0-4.9, while sample x1150-2.3-
4.7-2.7 showed well expressed signals for 
alpha-Al2O3. Samples x1150-1.2-0.1-4.1 and x1150-
0.5-0.3-4.3, which both originate from very dilute 
sols (~ 0.2 wt%) with pH values of 4.1 and 4.3, seem 
to contain less alpha-Al2O3 than x1150-0.2-6.0-4.9 
as the corresponding signal at 13.6 ppm causes only 
a shoulder in the major signal at 7.9 ppm resulting 
from transitional alumina. Furthermore, compared to 
x1150-0.2-6.0-4.9 a much higher relative signal of 
AlO4 was detected in 27Al MAS NMR spectra from 
samples x1150-1.2-0.1-4.1 and x1150-0.5-0.3-4.3.  
 
Al speciation and thermal properties 
The illustrated 27Al MAS NMR and XRD 
differences in thermal evolution of xerogels 
resulting from sols with different pH values find 
their corresponding expression in the DTA data. As 
was shown in Figure 4.33, two general DTA 
patterns were recorded. First: One set of 
superimposed endothermic peaks appears below 
500 °C, followed by an exothermic signal between 
800 °C and 900 °C and one above 1100 °C. 
Second: Two endothermic peaks appear at 
temperatures below 500 °C, which are followed by 
only one last exothermic signal above 1100 °C. 
According to Figure 5.5, sols with a pH value 
above 4.2 result in xerogels exhibiting the second 
described DTA pattern. A remarkably sharp change 
between the two described DTA patterns was 
observed in the D-series xerogels resulting from 
dilute sols (~ 0.2 wt%) s-1.2-0.1-4.1 and s-0.5-0.3-
4.3. While sample x120-1.2-0.1-4.1 whose parent 
sol had a pH value of 4.1 observed the first 
described DTA pattern, slightly increasing pH 
value of the parent sol to 4.3 gave rise to sample 
x120-0.5-0.3-4.3 which behaved according to the 
second DTA schema (Figure 4.33). Both described 
DTA patterns have been described previously in the 
literature. The second DTA schema can be assigned 
to the thermal evolution of boehmite as the same 
pattern was recorded in this work at a reference 
boehmite sample (commercial boehmite, Disperal 
P2). Similar DTA curves for boehmite can also be 
found in [VAR-2004]. According to Yarbrough and 
Roy [YAR-1987], boehmite transforms via the 
following sequence: boehmite, gamma-Al2O3, 
delta- and theta-Al2O3 to alpha-Al2O3. Hence, 
addressing xerogels originating from sols with a pH 
value higher than 4.2 as boehmite-like is not only 
justified by the shape of the DTA curve but also by 
the above discussed XRD and 27Al MAS NMR 
results for the following reasons: (i) according to 
27Al MAS NMR experiments boehmite-like 
resonances where found after heating the xerogels 
to 120 °C, whereas heating to 500 °C gave rise to 
spectra attributable to gamma-Al2O3, (ii) XRD 
patterns after 500 °C confirmed the presence of 
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gamma-Al2O3 and (iii) the presence of theta-Al2O3 
which, within the transformation sequence starting 
from boehmite, is the last transition alumina before 
alpha-Al2O3 formation, was confirmed with XRD 
analysis.  
The nature of the first type of DTA curve, 
namely the occurrence of only one endothermic 
DTA peak below 500 °C and the presence of two 
exothermic DTA peaks above 800 °C, will be 
discussed in the following. The occurrence of a 
peak between 800 °C and 900 °C is a remarkable 
feature. Tsuchida and Ichikawa [TSU-1989] 
analyzed the DTA behavior of gibbsite, bayerite 
and boehmite. The only exothermic peak detected 
above 500 °C was the peak resulting from 
alpha-Al2O3 formation. However, an additional 
exothermic signal between 800 °C and 900 °C was 
reported by Schönherr et al. [SCH-1981]. These 
authors analyzed the thermal evolution of Al13 
chloride. Using DTA at a heating rate of 10 K/min 
they detected a distinct exothermic signal at 805 °C. 
As a result, one could hypothesize that 
transformation of Al13 polycations or 
transformation products thereof caused the 
observed exothermic peak between 800 °C and 
900 °C. If this was the only explanation, one would 
have expected to find the questionable exothermic 
DTA peak between 800 °C and 900 °C only in 
xerogels whose parent sols contained Al13 
polycations. Thus, xerogels originating from sols 
having a pH value below 3.3 should not exhibit 
such a DTA signal as these sols do not contain Al13 
[NOF-2006]. As can be seen in Figure 4.33, even 
xerogels derived from sols without Al13 
polycations, thus having pH values far below 3.3, 
observe a distinct DTA signal between 800 °C and 
900 °C. Even aluminum nitrate exhibits such a 
DTA peak. Hence, attributing this DTA signal only 
to the presence of Al13 polycation does not seem 
justified. Another mechanism leading to the 
observed DTA peak between 800 °C and 900 °C 
might be a transition from an amorphous to a 
crystalline state as will be illustrated in the 
following. In several works Tsuchida et al. 
[TSU-1989, TSU-1994, TSU-1995] showed via 
XRD that extensive milling of well crystallized 
bayerite, gibbsite and boehmite results in 
amorphous samples. All amorphous samples 
exhibited an exothermic signal between 800 °C and 
900 °C, which was followed by another exothermic 
signal attributed to alpha-Al2O3 formation. Steinike 
et al. [STE-1990] analyzed the influence of milling 
on hydrargillite (gibbsite). At 840 °C they detected 
an exothermic DTA signal. From the presence of 
the exothermic DTA signal at 840 °C these authors 
concluded the presence of amorphous Al2O3.  
Both Steinike et al. [STE-1990] and Tsuchida et 
al. [TSU-1989, TSU-1994, TSU-1995] assigned the 
observed exothermic DTA peak between 800 °C 
and 900 °C to the formation of eta-Al2O3. As a 
result, at least two routes seem to lead to an 
exothermic DTA signal between 800 °C and 
900 °C, hence the formation of eta-Al2O3. One is 
the presence of Al13, which can be concluded from 
the DTA study of Al13-chloride by Schönherr et al. 
[SCH-1981]. The other possible route is the 
presence of amorphous species, shown by Tsuchida 
et al. [TSU-1989, TSU-1994, TSU-1995] and 
Steinike et al. [STE-1990].  
However, one might hypothesize that Al13 
transforms into an amorphous state during thermal 
evolution which implied that amorphous species are 
decisive. This hypothesis is supported by the fact 
that all xerogels whose parent sols contained Al13 
polycations were X-ray amorphous after heating to 
500 °C. Otherwise the most pronounced signal for 
AlO5, which is generally seen as an indication of 
amorphous species, was found in xerogel x500-2.3-
4.7-2.7 originating from a sol void of Al13 
polycations. Furthermore, some recorded DTA 
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peaks between 800 °C and 900 °C appeared 
somewhat splited. This observation might point to 
the presence of the two above mentioned 
mechanism, which might as well take place 
simultaneously.  
As has been mentioned above, the exothermic 
DTA signal between 800 °C and 900 °C has been 
assigned to the formation of eta-Al2O3 [STE-1990, 
TSU-1989, TSU-1994, TSU-1995]. Confirming the 
presence of eta-Al2O3 via XRD is a difficult task as 
even well expressed eta-Al2O3 and gamma-Al2O3 
result in almost identical XRD pattern [ZHO-1991]. 
As a result, the absence of distinct eta-Al2O3-like 
XRD pattern in samples analyzed in this work 
should not be seen as a conflicting result.  
However, 27Al MAS NMR results of samples 
heated to 1150 °C support the interpretation of 
eta-Al2O3 formation taking place at the observed 
exothermic DTA peak between 800 °C and 900 °C. 
Zhou and Snyder [ZHO-1991] mentioned that 
gamma-Al2O3 transforms slower into alpha-Al2O3 
than eta-Al2O3. As can be seen in Figure 4.32.a, 
sample x1150-0.2-6.0-4.9, which showed a 
boehmite-like DTA curve (Figure 4.33.a, 
(NO 3¯ /Al = 0.2, pH = 4.9)) and in which 
gamma-Al2O3 was detected after heating to 850 °C 
(Figure 4.36), still showed some AlO4 (67.5 ppm) 
and transition alumina (8.2 ppm) resonances after 
heating to 1150 °C. In contrast, samples x1150-2.3-
4.7-2.7 and x1150-0.6-9.7-3.4 whose DTA pattern 
show an exothermic DTA peak between 800 °C and 
900 °C (Figure 4.33.a, (NO 3¯ /Al = 2.2 and 0.6, 
pH = 2.7 and 3.3)) were completely transformed to 
alpha-Al2O3, as only one resonance at 13.9 ppm, 
characteristic for alpha-Al2O3 was detected after 
heating to 1150 °C. Hence, the assignment of the 
DTA peak between 800 °C and 900 °C to the 
formation of eta-Al2O3 is further substantiated by 
27Al MAS NMR results.  
When looking at the 27Al MAS NMR spectra of 
xerogels originating from dilute sols, one could 
argue that these recorded spectra form a contrast to 
the above made conclusions, whereas the absence 
of any signal in the tetrahedral range is a sign of 
possible eta-Al2O3 formation. After heating to 
1150 °C both xerogels x1150-1.2-0.1-4.1 and 
x1150-0.5-0.3-4.3 yield identical 27Al MAS NMR 
spectra, thus both samples seem to transform at the 
same speed into alpha-Al2O3. However, an 
eta-Al2O3 transformation DTA peak between 
800 °C and 900 °C was detected in sample x1150-
1.2-0.1-4.1 (Figure 4.33.b, (NO 3¯ /Al = 1.2, 
pH = 4.1)), whereas the other sample (x1150-0.5-
0.3-4.3) originating from a sol with a pH value of 
4.3 showed a boehmite-like DTA pattern.  
Several facts might explain these seemingly 
contradictory results between DTA and 27Al MAS 
NMR. (i) Sample x1150-1.2-0.1-4.1 had a parent 
sol whose pH value was just shortly underneath the 
threshold of 4.2. (ii) The observed exothermic DTA 
peak between 800 °C and 900 °C in x120-1.2-0.1-
4.1 was very weak, which is illustrated by the fact 
that this DTA curve had to be enlarged by a factor 
of 10. Hence, only little eta-Al2O3 seems to have 
been present in that sample. As a result, one could 
hypothesize that this sample represents a 
transitional state between the boehmite-like 
transformation (presumably taking place in 
xerogels originating from sols with a pH value 
above 4.2) and the transformation involving 
eta-Al2O3 formation (pH of parent sols below 4.2). 
One might furthermore suspect that although 
eta-Al2O3 formation was detected via DTA, the 
major part of this sample transformed according to 
the boehmite-like schema.  
Furthermore, the fact that both samples x1150-
1.2-0.1-4.1 and x1150-0.5-0.3-4.3 seem to have 
transformed slower into alpha-Al2O3 than any 
xerogel originating from more concentrated sols 
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can be attributed to the higher corundum 
transformation temperature of both samples. As 
was found out via DTA, these samples have 
alpha-Al2O3 transformation peaks of 1158 °C and 
1162 °C. As the chosen heat treatment temperature 
of 1150 °C was below these alpha-Al2O3 
transformation temperatures, their transformation 
seemed to be retarded when compared with the 
C-series samples whose DTA determined 
alpha-Al2O3 transformation temperatures were all 
below 1150 °C.  
Summarizing the above discussed results, one 
can conclude the following. Sols having a pH value 
below 4.2 result in xerogels whose transformation 
into alpha-Al2O3 involves the formation of 
eta-Al2O3 whereas sols having a pH value higher 
than 4.2 transform according to a boehmite-like 
schema into alpha-Al2O3.  
 
DTA peak between 800 °C and 900 °C 
Two questions remain unsolved: What determines 
the exact position of the eta-Al2O3 transformation 
peak between 800 °C and 900 °C and why do 
xerogels derived from sols containing 
boehmite-like species after heat treatment at 120 °C 
(~ 9 ppm) not transform according to a 
boehmite-like pattern, if these sols have pH values 
lower than 4.2?  
It was shown in Figure 4.34 that the observed 
exothermic peak between 800 °C and 900 °C, 
hence the eta-Al2O3 transformation peak shifts 
towards lower temperatures with decreasing 
NO 3¯ /Al molar ratio. Thus, the higher the nitrate 
content of a parent sol the higher the eta-Al2O3 
transformation temperature. This effect can be 
assigned to a possibly retarding effect of nitrate 
species. As was shown in Table 4.5, small amounts 
of NO2 are released at temperatures close to the 
formation of eta-Al2O3. This result is in accord with 
Wood et al. [WOO-1990] who also detected an 
eta-Al2O3 transformation peak via DTA. These 
authors reported the release of chloride to coincide 
with eta-Al2O3 transformation. Samples without 
such a marked mass loss at the eta-Al2O3 
transformation temperature observed lower 
transformation temperatures. Adopting the 
argumentation by Wood et al. [WOO-1990] one 
can surmise that nitrate ions retard eta-Al2O3 
formation. Thus, the more nitrate a sol contains the 
more nitrate is incorporated into the resulting 
xerogel and the higher the transformation 
temperature between 800 °C and 900 °C.  
The second question can be discussed regarding 
boehmite structure. It was mentioned by Santos et 
al. [SAN-2000] that boehmite can transform via 
two routes into alpha-Al2O3. Boehmite having a 
fibrillar structure transforms according to the 
expected sequence: boehmite to gamma-Al2O3 to 
delta-/theta-Al2O3 to alpha-Al2O3. Amorphous 
boehmite, also called gelatinous boehmite, shows a 
different transformation sequence: boehmite to 
eta-Al2O3 to delta-/theta-Al2O3 to alpha-Al2O3. The 
latter sequence equals the one observed for xerogels 
having parent sols with a pH value lower than 4.2. 
Hence, the observed 27Al MAS NMR resonance at 
~ 9 ppm in x120-2.2-9.8-1.0, x120-0.5-13.1-3.3 and 
x120-1.2-0.1-4.1 seems to result from gelatinous 
boehmite. It was furthermore reported by Santos et 
al. [SAN-2000] that fibrillar boehmite particles are 
larger than gelatinous boehmite particles. One 
could speculate that the reason for formation of 
gelatinous, thus non-fibrillar boehmite may be a 
mechanism preventing aggregation of boehmite 
particles. Such a mechanism could be facilitated by 
Al13 polycations. It was shown in [DRE-2006] that 
during evaporation of dispersant in sols containing 
spherical particles chainlike particles form only, if 
pH value is decreased to ~ 3 below which no Al13 
can be detected. A corresponding report was made 
by Assih et al. [ASS-1988] who argued that 
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boehmite sols were stabilized by the presence of 
Al13 cations which bound onto the surface of 
boehmite particles. It should be noted at this point 
that the formation of chainlike particles during 
evaporation of dispersant is not equivalent to the 
formation of fibrillar boehmite. This is supported 
by the fact that sols having similar nitrate contents 
but differing solids loadings show the same DTA 
results irrespective whether a parent sol contained 
spherical or chainlike particles.  
The above outlined hypothesis of Al13 
polycations acting as stabilizing agent for boehmite 
particles might explain the stabilization of 
boehmite-like species, hence the suppression of 
fibrillar boehmite formation, in sols having a pH 
value higher than ~ 3, which is the lower pH limit 
for the presence of presumably stabilizing Al13 
polycations. Still, also xerogels having parent sols 
with lower pH values than pH = 3 transform 
according to the gelatinous (non-fibrillar) boehmite 
schema, which involves the formation of eta-Al2O3. 
One could surmise that stabilizing Al13 polycations 
may form during xerogel preparation thus during 
evaporation of dispersant at elevated temperatures. 
However, no signals originating from AlO4 could 
be found in these xerogels (e.g. x120-2.2-9.8-1.0) 
which implies that no such subsequent Al13 
formation has taken place. Another way to explain 
the eta-Al2O3 formation in xerogels having parent 
sols with lower pH values than pH = 3 would be to 
discard the idea that gelatinous boehmite has 
formed in these xerogels. This hypothesis would be 
in line with the 27Al MAS NMR results. As was 
shown in Figure 4.29, sample x120-2.2-9.8-1.0, 
which originates from a very acidic sol (pH = 1), 
shows only a very weak shoulder at the resonance 
attributable to boehmite-like species (~ 9 ppm). The 
assumption that these samples do not contain 
boehmite in relevant quantities renews the above 
made assumption that two different mechanisms 
lead to the formation of eta-Al2O3. As was 
discussed in detail above, both Al13 and amorphous 
alumina result in the formation of eta-Al2O3. 
Regarding the results discussed in this paragraph, 
one should add that gelatinous boehmite also leads 
to the formation of eta-Al2O3. 
As a result, one might conclude the following. 
Sols having a pH above 4.2 lead to xerogels 
containing fibrillar boehmite as major constituent. 
These samples transform into alpha-Al2O3 via the 
formation of gamma-Al2O3. Sols having a pH value 
between 3.3 and 4.2 yield xerogels containing Al13 
which prevents the formation of fibrillar boehmite, 
hence gelatinous boehmite is present in these 
xerogels as well. These xerogels transform into 
alpha-Al2O3 via the formation of eta-Al2O3, which 
might be provoked by the simultaneous 
transformation of both Al13 and gelatinous 
boehmite. This simultaneous transformation might 
be a possible explanation of the sometimes splitted 
eta-Al2O3 transformation peaks. Sols having a pH 
value much lower than 3.3 are void of Al13 
polycations and seem to contain only traces of 
boehmite. These xerogels also show the 
characteristic eta-Al2O3 transformation peak 
between 800 °C and 900 °C. As these xerogels do 
not contain Al13 and relevant quantities of 
boehmite, eta-Al2O3 formation in these xerogels 
could hence be assigned to their amorphous state, 
which was confirmed with XRD.  
 
Conclusion: Al speciation 
Al speciation in xerogels is controlled by pH value 
of parent sols. Nitrate content seems to have an 
effect on the exothermic DTA signal between 
800 °C and 900 °C which can be attributed to the 
formation of eta-Al2O3. Sols having pH values 
below 4.2 result in xerogels transforming into 
alpha-Al2O3 via intermediate formation of 
eta-Al2O3 whereas sols having pH values above 4.2 
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form boehmite-like xerogels transforming into 
alpha-Al2O3 via the formation of gamma-Al2O3. 
Different mechanisms, driven by the presence of 
Al13 polycations, gelatinous boehmite and 
amorphous alumina seem to lead to the formation 
of eta-Al2O3.  
 
Influence of corundum, Cu- and 
Fe-doping on thermal evolution 
Corundum seeding 
As was discussed in detail above, the two 
exothermic peaks, (i) between 800 °C and 900°C 
and (ii) above 1100 °C, can be ascribed to the 
formation of eta-Al2O3 and alpha-Al2O3, 
accordingly. It is evident from Figure 4.38 that 
addition of even small amounts of corundum 
suspension (A/C = 40) drastically reduces peak 
temperature of alpha-Al2O3 transformation from 
above 1100 °C to below 1000 °C. The 
transformation of transition alumina into 
alpha-Al2O3 is a reconstructive process, taking 
place via a nucleation and growth mechanism 
[NOR-1998]. The introduction of corundum 
particles (seeding) provides additional nucleation 
sites and reduces activation energy of the theta- to 
alpha-Al2O3 transformation [NOR-1998], resulting 
in a reduced transformation temperature. According 
to Yarbrough and Roy [YAR-1987], seeding with 
corundum particles has already been described in 
1951. Nordahl and Messing [NOR-1998] 
investigated the influence of corundum particles on 
the transformation behavior of both gamma-Al2O3 
and boehmite. They found that addition of small 
amounts of corundum particles such as 1 wt% led 
to a decrease in alpha-Al2O3 transformation 
temperature by ~ 50 °C (heating rate 5 K/min). 
According to Nordahl and Messing [NOR-1998], 
not the absolute amount of added corundum 
particles determines the effectiveness of seeding 
but the seed number density. Smaller corundum 
particles result in an increased seed number density. 
Furthermore, an optimum seed frequency exists in 
each system depending on particle size of the seeds 
[NOR-1998]. As a result, a certain limit of seed 
concentration exists above which no more 
appreciable effect can be obtained. This effect 
explains the recorded DTA spectra of samples 
having different concentrations of corundum 
suspension, i.e. A/C mixing ratios. As was shown 
in Figure 4.38, increasing corundum content from 
A/C = 40 to A/C = 3 did not lead to a further 
reduced corundum transformation temperature. As 
corundum particles become the dominating 
ingredient of sol-suspension mixtures, i.e. if A/C 
mixing ratio becomes as low as 0.3 or even lower, 
no distinct corundum transformation peak can be 
observed anymore as thermal effects become very 
weak.  
Seeding with corundum particles does not yield 
a consistent trend regarding the DTA related onset 
temperature of eta-Al2O3 formation (Figure 4.38). 
However, it was shown in an earlier work 
[DRE-2003] that seeding with corundum particles 
resulted in an increased shrinkage rate during 
eta-Al2O3 formation compared to unseeded 
samples.  
Regarding the shape of the DTA peak 
corresponding to alpha-Al2O3 formation, it is 
interesting to note that both seeded and unseeded 
samples show almost the same shape although 
having very different DTA peak temperatures. If 
assuming the only difference in seeded and 
unseeded samples to be the occurrence of more 
nucleation sites in seeded samples, one could 
expect the DTA peak in seeded samples to be more 
narrow, as less time is needed for formation of 
nucleation sites. Furthermore, one could suspect the 
same overall amount of energy to be released in 
both seeded and unseeded samples. As DTA peak 
area is a measure of released energy, peak areas of 
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peaks related to alpha-Al2O3 formation should be 
equal in seeded and unseeded samples. Thus, on the 
one hand the DTA peak caused by alpha-Al2O3 
formation in the seeded sample should be more 
narrow due to more rapid energy release, but on the 
other hand the DTA peak should also be higher 
than the corresponding alpha-Al2O3 transformation 
peak in the unseeded sample, as the same surface 
area should result in seeded and unseeded samples 
[MÜL-2003]. DTA curves illustrating this effect 
have been published by Oberbach et al. 
[OBE-1996]. These expected DTA peak shapes 
were not recorded in this work (Figure 4.38). Both 
seeded (A/C = 40) and unseeded samples show 
similar peak shapes, whereas the seeded sample has 
an even broader shape of the corundum 
transformation related DTA peak as the unseeded 
sample. Similar results were also reported by Pach 
et al. [PAC-1990]. These authors investigated the 
influence of corundum seeding on transformation 
kinetics from theta-Al2O3 to alpha-Al2O3. They 
found that compared to unseeded samples the 
overall transformation velocity into alpha-Al2O3 
amounts to only 10 % in samples containing 
alpha-Al2O3 seed particles. As a result, the 
unexpected broad alpha-Al2O3 transformation DTA 
peak might be due to the slower transformation into 
alpha-Al2O3. Furthermore, Pach et al. [PAC-1990] 
found that heat of transformation is lower in seeded 
samples, which further contributes to the deviation 
of the observed broad from the expected narrow 
peak shapes.  
 
Seeding with Cu and Fe 
Reductions of alpha-Al2O3 transformation 
temperature can also be achieved by using ions of 
metals like Fe, Ti, Cu, V and Cr [NOR-1998]. 
According to Nordahl and Messing [NOR-1998], 
Fe has proven to be the most effective dopant for 
reducing alpha-Al2O3 transformation temperature. 
Hence, the finding in this work of both Cu and Fe 
being able to decrease alpha-Al2O3 transformation 
temperature if added in appropriate concentrations 
is in good agreement with many literature reports. 
Different processes in Cu- and Fe-doped xerogels 
result in reduction of phase transformation 
temperature. During thermal evolution Fe probably 
forms alpha-Fe2O3 (hematite) [OBE-1996], which 
according to Kumar et al. [KUM-1996] acts as 
nucleation site for alpha-Al2O3 formation. Cu 
provokes the formation of a liquid phase at 1096 °C 
which enhances the gamma- to alpha-Al2O3 
transformation owing to the much increased mass 
transport via a solution-precipitation mechanism 
[XUE-1992].  
Direct comparisons of the found peak 
temperatures in Cu- and Fe-doped samples with 
values reported in the literature are difficult as the 
type of used precursor plays an important role as 
will be illustrated in the following. Oberbach et al. 
[OBE-1996] and Baca et al. [BAC-2001] studied 
the influence of Fe addition on theta- to 
alpha-Al2O3 phase transition. Oberbach et al. 
[OBE-1996] prepared boehmite according to 
Yoldas procedure whereas Baca et al. [BAC-2001] 
used a commercial boehmite. Although using both 
similar heating rates of 5 K/min during DTA 
experiments and the same Fe2O3 concentration of 
5 wt% based on Al2O3 content, different results 
have been obtained. It should be noted that like in 
this work both authors used ferric nitrate 
(Fe(NO3)3•9H2O) as Fe carrier. While Bača et al. 
[BAC-2001] detected a decrease in alpha-Al2O3 
transformation temperature from 1170 °C to 
986 °C, Oberbach et al. [OBE-1996] reported a 
reduction from ~ 1100 °C to ~ 1050 °C. At a lower 
Fe content, comparable to the value used in this 
work, Oberbach et al. [OBE-1996] reported a 
reduction of ~ 15 °C for a concentration of 
~ 2 mol% Fe/Al2O3. Furthermore, these authors 
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found that alpha-Al2O3 transformation peak 
temperature decreased almost linearly with 
increasing Fe content up to 10 wt% Fe2O3 per 
Al2O3. When interpolating the data reported by 
Baca et al. [BAC-2001], 2 mol% Fe/Al2O3 should 
result in a reduction of peak temperature by 58 °C. 
Compared to these values doping modified Yoldas 
sols with iron nitrate resulted in a higher peak 
temperature reduction of 120 °C, i.e. from 1150 °C 
to 1030 °C (Figure 4.39). It is interesting to note 
that Oberbach et al. [OBE-1996] found that with 
decreasing alpha-Al2O3 peak temperature peaks 
became smaller and higher. Thus, seeding with Fe 
resulted in exactly the DTA pattern that was 
expected for seeding with corundum particles. 
However, no influence of seeding with Fe on DTA 
peak shape was found in this work and in 
[BAC-2001].  
Utilization of Cu can lead to the formation of a 
liquid phase in the system CuO-CuO2-Al2O3 
[XUE-1992]. Formation of a liquid phase might 
explain the unusual DTA peak shape that occurs 
when adding 2.0 mol% Cu/Al2O3 (DTA plot not 
shown), which resembles the DTA pattern of a Cu 
and Ti doped sample shown in Figure 4.41. In the 
sample doped with Cu only, a small exothermic 
DTA peak appeared at 1092 °C, followed by a 
distinct step in the DTA signal. Xue and Chen 
[XUE-1992] reported the occurrence of a liquid 
phase in a Cu doped Al2O3 sample at almost exactly 
the same temperature, namely 1096 °C.  
 
Conclusion: Influence of corundum, Cu- and 
Fe-doping on thermal evolution 
Corundum transformation temperature can be 
reduced by using corundum seed particles, Cu- and 
Fe-doping. While corundum seeding and Fe-doping 
increases the number of nucleation sites Cu seems 
to reduce corundum transformation temperature as 
it forms a liquid phase. Shifts in corundum 
temperature induced by corundum seeding or 
Fe/Cu-doping have no apparent influence of the 
peak temperature for eta-Al2O3 formation.  
 
Densification 
 
Undoped samples 
Densification behavior is crucial for designing 
coatings. Excessive shrinkage can lead to crack 
formation. Hence, identifying temperature regions 
with increased shrinkage is vital for formulating a 
proper heat treatment regime. Information 
regarding densification behavior is furthermore of 
great interest as dense layers should be better 
barrier coatings but be less tolerant to mechanical 
stresses as porous layers.  
The shrinkage behavior of undoped xerogels 
originating from sols having nitrate contents of 
NO 3¯ /Al = 0.6 and NO 3¯ /Al = 2.2 were shown in 
Figure 4.40. Distinct mass spectrometer signals 
shown in Figure 4.35 indicated the release of water, 
CO2 and NO2 in the temperature range up to 
500 °C. As a result of water release, burnout of 
organic material as well as decomposition of 
nitrates samples shrink rapidly, which can be seen 
in Figure 4.40. Via DTA, 27Al MAS NMR and 
XRD it was found that the two exothermic DTA 
peaks recorded above 500 °C, namely (i) between 
800 °C and 900 °C and (ii) above 1100 °C, can be 
assigned to the formation of eta-Al2O3 and 
alpha-Al2O3. The detection of a distinct 
dilatometric signal corresponding to the DTA peak 
between 800 °C and 900 °C supports the 
interpretation of eta-Al2O3 formation. Via XRD it 
was confirmed that both xerogels originating from 
sols with molar ratios of NO 3¯ /Al = 0.6 and 2.2 are 
amorphous up to 500 °C, whereas at 850 °C first 
signs of crystalline species were detected. This 
amorphous to crystalline transition results in a 
density increase which provokes the recorded 
signal in the dilatometric plot.  
 105
When analyzing both shrinkage curves depicted 
in Figure 4.40 at the onset and offset of the 
shrinkage peak above 1100 °C, one finds linear 
shrinkages of 3.3 % and 2.9 % for xerogels 
originating from sols having molar ratios of 
NO 3¯ /Al = 2.2 and 0.6. These values are in good 
agreement with values reported from Kao and Wei 
[KAO-2000]. These authors mentioned that the 
transformation from theta- to alpha-Al2O3 goes 
along with an increase in density from 3.592 to 
3.986 g/cm³, hence a linear shrinkage of 3.4 % was 
expected for the formation of alpha-Al2O3. As a 
result, the above given linear shrinkages of 3.3 % 
and 2.9 % further support the assignment of this 
dilatometric peak to the formation of alpha-Al2O3. 
The fact that the observed linear shrinkage is not 
markedly higher than the linear shrinkage induced 
by the density change associated with the theta- to 
alpha-Al2O3 transformation and the fact that no 
pronounced shrinkage process took place after 
alpha-Al2O3 formation allows the conclusion that 
no significant sintering processes occurred in 
xerogels resulting from undoped modified Yoldas 
sols. The observed low mechanical strength of 
sample tablets after dilatometric analysis up to 
temperatures of 1400 °C as well as low relative 
density of 59 % (Table 4.7) further supports the 
conclusion that no sintering processes took place in 
undoped xerogels having parent sols with 
NO 3¯ /Al = 0.6 and 2.2.  
 
Doped samples 
In contrast to the above discussed, undoped 
samples addition of corundum particles did not only 
reduce alpha-Al2O3 transformation temperature to 
~ 1000 °C but also enabled the starting of sinter 
processes at ~ 1300 °C. As was shown in Figure 
4.41, sol s-0.6-5.0-3.5 mixed with a small amount 
of corundum suspension (A/C = 40) exhibited a 
small peak in its derivative shrinkage curve at 
~ 1300 °C. A sample having a comparable 
composition (base sol: s-0.8-6.6-3.2, A/C = 40) 
showed a relative density of only 57 % after heating 
to 1400 °C (Table 4.7). This is even marginally 
lower than the relative density of 59 % obtained in 
an undoped xerogel (Table 4.7). As a result, the 
observed sintering can only be seen as an early 
stage of sintering. Furthermore, one might 
hypothesize that a second more pronounced sinter 
peak appears at temperatures above 1400 °C 
[SOJ-2006]. 
Sintering of alpha-Al2O3 at low temperatures 
can be achieved using appropriate dopants. 
Sathiyakumar and Gnanam [SAT-2003] analyzed 
the influence of Ti and Cu on the density of 
sintered alpha-Al2O3 and found that using 2 mol% 
CuO and 2 mol% TiO2 resulted in samples which 
could be sintered to more than 95 % of theoretical 
density at 1100 °C. Applying each 2.0 mol% Cu 
und Ti as dopants in sol s-0.6-16-3.2 resulted in a 
xerogel which between 1000 °C and 1100 °C 
showed a linear shrinkage of 10.5 %, the largest 
shrinkage observed for any sample in this particular 
temperature range (Figure 4.41). The detected 
linear shrinkage is almost three times of the value 
expected if only shrinkage induced by phase 
transformation from theta- to alpha-Al2O3 occurred. 
The relative density of the sample tablet reached 
77 %, which was markedly higher than for any 
other sample. As this value is still far from 95 % 
relative density, which is seen as limit for dense 
sintered bodies, the following should be noted. 
Sample preparation for dilatometric analysis was 
carried out using a hand press which limited the 
maximum pressure to 16 MPa. As a result, green 
density was still very low. Furthermore, the method 
for preparing dilatometric samples involved xerogel 
preparation via evaporation of dispersant and 
crushing of resulting xerogels in a mortar. It is 
reasonable to assume that this method gives only a 
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rough estimate for relative density of thin layers, in 
which no subsequent xerogel crushing occurs. 
Hence, compared to dilatometric sample tablets 
applied layers should lead to a much higher green 
density and thus reduced shrinkage rates as well as 
increased relative density. 
The assumption that sintering processes were 
started in the Cu and Ti doped sample discussed 
above is supported by the surface morphology of a 
dilatometric sample tablet depicted in Figure 4.42. 
This sample was prepared by R. Sojref (BAM V.4, 
Berlin, Germany) and contained milled alpha-Al2O3 
which was doped with CuO and TiO2. Signs 
indicating sintering such as rounded edges are 
clearly visible. Furthermore, some particles have 
dimensions of ~ 5 µm suggesting that particle size 
might have increased as the particle sizes d50 and d90 
of the used corundum powder were given by the 
supplier with d50 = 0.7 µm and d90 = 2.0 µm. 
Increase in particle size is another process linked to 
sintering.  
Comparing peak positions in DTA and 
derivative shrinkage curves reveals slight 
differences in positions of DTA peaks and peaks in 
the corresponding derivative shrinkage curve. As 
can be seen in Figure 4.41 for the sample 
containing alpha-Al2O3 seed particles, DTA peaks 
appear at lower temperatures than the 
corresponding peaks of the derivative shrinkage 
curve. Exactly the reverse trend was observed in the 
sample doped with Cu and Ti (Figure 4.41) and the 
samples doped with Cu and Fe (Table 4.6). In these 
samples, the DTA peaks appears at higher 
temperatures than the corresponding derivative 
shrinkage curve peaks. The interplay between phase 
transformation, its resulting shrinkages and heat 
released during phase transformation of theta- to 
alpha-Al2O3 was studied in detail by Yen et al. 
[YEN-2001]. According to these authors, 
transformation of theta- into alpha-Al2O3 takes 
place according to the following schema: Critical 
theta-Al2O3 crystallites of ~ 22 nm size transform 
into initial alpha-Al2O3 crystallites with a diameter 
of ~ 17 nm. This reduction in particle size due to 
increased density of alpha-Al2O3 compared to the 
density of theta-Al2O3 causes the observed peak in 
the derivative shrinkage curve. These critical 
alpha-Al2O3 crystallites coalesce into so called 
primary particles having dimensions of 50 nm. 
According to Yen et al. [YEN-2001], the observed 
DTA signal is caused by an energy release 
associated with this coalescence. The offset of the 
peak in the derivative shrinkage curve coincides 
with the maximum of the DTA signal [YEN-2001]. 
Such a behavior was observed in the sample doped 
with Cu and Ti, shown in Figure 4.41, and the Fe 
and Cu doped samples whose DTA and 
dilatometric peak temperatures have been 
summarized in Table 4.6. An example for this 
behavior can be found in the Cu/Ti doped sample 
depicted in Figure 4.41. In the temperature range 
above 1000 °C, attributed to the formation of 
alpha-Al2O3 the maximum in the derivative 
shrinkage curve appears at a lower temperature than 
the corresponding DTA signal. It is interesting to 
note that the same behavior can be observed in this 
sample at the exothermic peak between 800 °C and 
900 °C, which is caused by eta-Al2O3 formation. 
This points towards a similar nucleation process 
taking place during the transition from amorphous 
alumina to eta-Al2O3. 
It should be noted that dilatometric analysis was 
carried out at 10 K/min whereas 5 K/min were used 
during DTA experiments. It has been demonstrated 
by many authors that heating rate can result in 
shifts in peak position [NOR-1998]. In general, 
increased heating rates result in increased peak 
temperatures. If dilatometric analysis would have 
been carried out at a lower heating rate of 5 K/min, 
which would be the same as used during DTA 
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Figure 5.6. Influence of PVP concentration and solids loading 
on achievable layer thickness with spin coating (4000 rpm) for 
a sol having a molar ratio of NO 3¯ /Al = 0.6 (schematic 
drawing). 
experiments even lower peak temperatures should 
have been detected. As a result, the difference in 
peak position between dilatometric analysis and 
DTA should have been even bigger. The above 
illustrated effect of increased peak temperatures 
with increased heating rate might be the reason for 
the unexpected behavior of the sample containing 
alpha-Al2O3 seed particles depicted in Figure 4.41. 
In this sample exactly the reverse effect was 
observed. DTA peaks appear at lower temperatures 
than the corresponding dilatometric signals. Had 
the heating rate during dilatometric analysis been 
lower, the expected pattern with DTA peaks 
occurring at higher temperatures than the 
corresponding peaks in the derivative shrinkage 
curve might have been recorded.  
 
Conclusion: densification  
Undoped xerogel samples having a molar ratio of 
NO 3¯ /Al = 0.6 and NO 3¯ /Al = 2.2 do not show 
distinct signs for sintering up to 1400 °C. Only if 
corundum seeds were added, minor sinter processes 
would start at ~ 1300 °C. Doping with Cu and Ti 
triggered sinter processes at ~ 1100 °C which result 
in significantly increased relative density. Doping 
with Cu and Fe up to 2.0 mol % Me/Al2O3 
(Me = Fe, Cu) proved to be ineffective in causing 
marked sintering effects. 
 
 
 
5.3  Coatings 
 
Layer thickness and quality  
Modified Yoldas sols 
ayer thickness data, obtained with 
differential weighing, is shown in Figure 
4.43. The results indicate that both a sol 
with high solids loading but comparably low 
viscosity and a PVP-containing sol with higher 
viscosity but reduced solids loading may result in 
the same layer thickness. This relation is 
schematically illustrated in Figure 5.6. The 
threshold between cracked and crack-free layers 
follows such a “line of similar layer thickness”, as 
can be seen if comparing Figure 5.6 and Figure 
4.43. Hence irrespective of PVP content and solids 
loading crack-free layers much thicker than 
~ 0.1 µm could not be prepared in one coating step. 
For PVP-free sols no obvious influence of Al 
speciation on achievable layer thickness was found, 
instead rotational speed, viscosity and solids 
loading have a predominant influence. As was 
already mentioned in the results section, Equ. 4.2 as 
reported by Birnie [BIR-A] can be adjusted in order 
to describe the layer thickness data. One might L 
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speculate that the occurrence of chainlike 
polymeric particles in sols with a nitrate content of 
NO 3¯ /Al = 0.6 and a solids loading higher than 
~ 18 wt% provokes crack formation. As was shown 
in Figure 4.43, a crack-free coating with such a sol 
could not be prepared whereas less concentrated 
sols (c(Al2O3) < ~ 18 wt%, NO 3¯ /Al = 0.6) having 
spherical particles resulted in crack-free layers. 
However, it should be noted that the data shown in 
Figure 4.43 refer to a rotational speed of 4000 rpm. 
Crack-free coatings could even be prepared with 
highly concentrated sols, if rotational speed was 
increased, resulting in thinner layers at a given 
solids loading and viscosity. Hence, initial layer 
thickness shortly after spin coating, i.e. before heat 
treatment, seems to be of dominant influence. This 
observation in conjunction with the observed small 
achievable layer thickness in one coating step of 
~ 0.1 µm agrees with reports by Brinker and 
Scherer [BRIN-1990, p. 506] who discussed the 
influence of capillary stress on the formation of 
cracks in drying layers. According to these authors, 
the preparation of crack-free layers being thicker 
than 1 µm in one coating step is “virtually 
impossible” whereas films being thinner than 
0.5 µm can easily be prepared regardless of drying 
rate.  
The finding in this work that substrates could be 
coated and placed immediately afterwards on a 
preheated heating plate at a temperature of 350 °C 
agrees well with the statement by Brinker and 
Scherer [BRIN-1990, p. 506], whereas drying rate 
in these thin layers has no influence on crack 
formation. The major influence of drying processes 
on crack formation may also explain the fact that 
multiple coating steps, including heating to 350 °C 
after each coating cycle, allowed for the preparation 
of films being thicker than the observed critical 
thickness for a single coating. As was shown in 
Table 4.11, the multiple coating carried out in 
experiment layer(sol) yielded a ~ 0.6 µm thick layer 
on a metal substrate (IN-718), which is six times 
the critical coating thickness for an one-step 
coating. After each coating cycle with subsequent 
heating to 350 °C the layers seemed to have lost a 
sufficient amount of volatile matter (water, organic 
material, nitrate). This agrees well with the above 
given results for dilatometric measurements 
according to which a xerogel having a parent sol 
with a nitrate content of NO 3¯ /Al = 0.6 shrinks 
predominantly below 500 °C. After intermittent 
heating to 350 °C these layers were “dry” enough to 
be coated with another layer. The resulting stack of 
“predryed” or “precalcined” layers had already lost 
enough volatiles as to withstand the final heating of 
the whole layer system to 500 °C or even higher 
temperatures. 
When heating coated samples to temperatures 
exceeding 500 °C, e.g. up to 900 °C, other then 
drying related factors may lead to crack formation. 
(i) Apart from mass loss induced shrinkages up to 
500 °C phase change induced shrinkages caused by 
eta-Al2O3 and alpha-Al2O3 formation, (ii) TGO 
growth, and (iii) stresses induced by thermal 
cycling should be considered as well.  
As is illustrated in Table 4.11, experiment 
layer(sol-PVP) resulted in a layer thickness of 
1.3 µm. This layer could not be heated to 900 °C 
without resulting in spallations, whereas repeated 
heating to 800 °C (samples were cooled down 
every 100 h to record the mass gain) was possible 
without causing crack formation or spallations. The 
observed spallations after heating to 900 °C have to 
be assigned to phase change induced tensions for 
the following reasons: (i) Given the short heat 
treatment time of only 5 h at 900 °C, it does not 
seem justified to assign these spallations to the 
growth of a TGO layer underneath the alumina 
coating. As was shown in Figure 4.50, heating an 
uncoated IN-718 substrate at 800 °C for a much 
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longer time than 5 h, namely 800 h, resulted in a 
1.8 µm thick TGO layer. Furthermore, it is a sound 
assumption that TGO growth should have been 
reduced underneath the applied alumina layer 
(layer(sol-PVP)) as even the thinner layer(sol) 
coating offered oxidation protection within the first 
200 h at 900 °C (Figure 4.51). (ii) Spallation 
occurred within one cycle of heating, i.e. heating to 
900 °C, keeping at 900 °C for 5 h and cooling down 
to room temperature. Hence, it is rather unlikely 
that thermal cycling induced tensions caused the 
layer failure. This conclusion is supported by the 
fact that the same 1.3 µm thick coating 
layer(sol-PVP) was successfully tested at 800 °C, 
which involved cooling down to room temperature 
every 100 h for mass gain measurements up to a 
total cumulated testing time of 800 h. Furthermore, 
Eritt et al. [ERI-2002] reported that a 3 µm thick 
alpha-Al2O3 layer can withstand 500 cycles 
between 1000 °C and room temperature. As a 
result, it seems obvious to assign the observed 
spallings when heating the layer(sol-PVP) coating 
to 900 °C not to cycling induced stresses or TGO 
growth but to shrinkages induced by eta-Al2O3 
formation which takes place between 800 °C and 
900 °C. This shrinkage was illustrated with 
dilatometric measurements suggesting that 
eta-Al2O3 formation results in a shrinkage 
comparable to the one induced by alpha-Al2O3 
formation (Figure 4.40).  
It is interesting to note that in contrast to the 
above discussed results for a thick layer (1.3 µm) 
the layer applied at experiment lay(sol), which was 
only 0.6 µm thick, could be heated to 900 °C 
without showing layer spallations.  
 
Sol-suspension coatings 
As was shown in Table 4.8, between mixing ratios 
of A/C = 0.3 and A/C = 3 the 17/20 mixtures did 
result in layers being at most 0.6 µm thick if 
applied in a single coating step. These 
comparatively thick layers could only be prepared 
with addition of PVP, which provoked a marked 
increase in viscosity, overcompensating the 
inevitable dilution effect of the watery PVP 
solution. However, these 0.6 µm thick layers could 
not be prepared without resulting in cracks. As the 
thickest crack-free layer was 0.2 µm thick and the 
thickness of the cracked layers ranged between 
0.2 µm and 0.6 µm, one could conclude that the 
upper limit for preparing crack-free layers ranges 
around 0.2 µm. A marked increase in achievable 
layer thickness was only possible when drastically 
reducing the A/C mixing ratio to A/C = 0.01, hence 
well below the lowest A/C mixing ratio shown in 
Table 4.8, i.e. A/C = 0.3. Using a 10/60 mixture, 
layers being ~ 6 µm thick could be prepared in a 
single coating step. However, such a mixture shows 
pronounced structural viscosity which may lead to 
flaws of the type depicted in Figure 4.45. The 
problem of structural viscosity was overcome by 
reducing solids loading of the used corundum 
suspension to 20.0 wt%.  
In general, the recorded thickness values for 
sol-suspension mixtures followed the same general 
trends as observed for “pure” sols, i.e. layer 
thickness increases with (i) higher PVP content, (ii) 
higher solids loading and (iii) lower rotational 
speed. Similar to “pure” sols, the interplay between 
the above mentioned parameters can be described 
by Equ. 4.2 given in the results section. Hence, the 
result that at similar A/C mixing ratios and PVP 
contents 5/20 mixtures yielded thinner layers than 
17/20 mixtures can be attributed to (i) the lower 
resulting overall solids loading of the 5/20 mixtures 
(XA+XC, Figure 4.23) and (ii) to their lower 
viscosity (Figure 4.26, 4.27, 4.28). The potential for 
preparation of thicker layers than when using 
“pure” sols is illustrated at the layer thickness 
achieved at experiment layer(sol-ssp). According to 
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Table 4.11, the layer thickness of this multilayer 
coating comprising “pure” sol layers and 
sol-suspension layers was 3.6 µm. This coating 
could be exposed to 900 °C without showing drying 
or phase change induced spallations, which is in 
marked contrast to the presumably phase change 
induced spallations observed at 900 °C in the 
1.3 µm thick layer(sol-PVP) coating.  
 
Surface morphology of coatings 
Layers prepared from sols and sol-suspension 
mixtures differ greatly as can be seen when 
comparing Figure 4.44 and Figure 4.46. 
Sol-suspension layers (Figure 4.46) show a grainy 
structure whereas “pure” sols result in smooth 
layers (Figure 4.44). One might object that this 
conclusion results from the different magnifications 
in the two above mentioned micrographs. However, 
even at comparable magnifications the smooth 
appearance of “pure” sol layers can be seen. It is 
interesting to note that microcracks appear, if 
sol-suspension coatings like depicted in Figure 4.46 
are coated with a “pure” sol (Figure 4.57.b). The 
formation of these cracks cannot be attributed to 
excessive solids content or PVP concentration, as 
the sol used resulted in crack-free uniform coatings 
on smooth substrates such as glass or polished 
IN-718, even after heating to 800 °C as 
demonstrated in Figure 4.44. This effect may be 
attributed to the fact that sharp edges and thickness 
heterogeneities act as nucleation sites for cracks 
[EVA-2001]. Thickness heterogeneities might 
arise, if the peak and valley structure of the 
sol-suspension coating is covered by a sol coating 
showing a smaller film thickness at peaks and a 
higher film thickness in valleys. The edges of the 
corundum grains may act as nucleation sites. 
Another possible explanation might be the 
influence of expanding air. As can be seen in 
Figure 4.46, the surface of a sol-suspension coating 
has some open porosity into which air could be 
trapped during the application of the sol-coating. 
During heat treatment the entrapped air may 
expand, possibly causing the formation of cracks in 
the applied layer.  
 
Influence of doping 
Doping sol-suspension mixtures with Cu and Ti, 
which leads to a significant reduction of sintering 
temperature down to ~ 1100 °C, did not result in a 
significantly different surface morphology (Figure 
4.47 and Figure 4.48). Both doped and undoped 
layers have the same appearance which suggests 
that doping with Cu and Ti does not pose a 
significant advantage. This finding is in contrast to 
dilatometric results (Figure 4.41, Table 4.7) which 
clearly indicate that Cu- and Ti-doping significantly 
increases relative density. However, one should 
note that dilatometric and relative density 
measurements were carried out on samples 
prepared from crushed xerogels which were pressed 
into tablets in a hand press (for details see methods 
section). Hence, compared to the packing state of 
these hand pressed tablets, green density in thin 
applied layers was probably significantly increased 
as crushing of xerogel powders prior to hand 
pressing resulted in grains having dimensions up to 
250 µm. This assumption is supported by previous 
studies which suggest that porosity within a thin 
layer is lower than in a xerogel sample prepared 
from the same sol [UNG-2006]. In ceramic 
processing it is well known that increased green 
density increases the resulting relative density. As a 
result, the dilatometric curves obtained from hand 
pressed tablets and the obtained relative density 
values should rather be seen as worst case 
scenarios. Thus, it could be hypothesized that 
packing state in thin layers is already high enough 
so that Cu- and Ti-doping, which proved beneficial 
for porous xerogel tablets, does not lead to 
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significantly different surface morphologies 
between thin layers being undoped and containing 
Cu and Ti. To the best of the author’s knowledge 
no well established method exists for measuring 
porosity of only micrometer thick layers. Hence, a 
comprehensive investigation of the influence of Cu- 
and Ti-doping on porosity of thin layers could not 
be carried out in this work.  
In addition to microstructure, Al speciation may 
also be different between conventionally prepared 
xerogels and material deposited as a thin layer. This 
hypothesis is based on the following: (i) Solvent 
evaporation in layers takes place at a greatly 
accelerated rate compared to xerogels prepared via 
slow evaporation of a huge amount of dispersant in 
an aluminum dish and (ii) Al speciation changes at 
elevated temperatures, as was shown above. Hence, 
different amounts of Al13 and Al30 might be formed 
in layers and conventionally prepared xerogels as 
transition from sol to xerogel takes place much 
faster in thin layers.  
 
Oxidation protection 
The following section deals with the influence of 
sol-gel alumina layers on oxidation of IN-718 
substrates. It should be noted that all mass gain 
experiments were carried out in static air. The 
influence of dynamic conditions will be discussed 
later. First the oxidation of uncoated IN-718 will be 
discussed.  
 
Uncoated IN-718 
Connolley et al. [CON-2003] investigated 
mechanical properties of IN-718 at 600 °C. These 
authors published micrographs showing the same 
tower-like protrusions as found in this work (Figure 
4.44). According to Connolley et al. [CON-2003] 
these structures are caused during oxidation of (Nb, 
Ti)C, a component of IN-718. This agrees well with 
the findings in this work were Nb was detected in 
the protrusions via EDX analysis. The oxidation 
follows the general equation 
4NbC + 9O2 → 2Nb2O5 + 4CO2 and is associated 
with a large volume expansion [CON-2003]. Nb2O5 
can occur in an amorphous and a crystalline state 
[CON-2003]. Furthermore, these authors report that 
such tower-like structures could be observed on 
both polished and as machined surfaces. The same 
observation has been made in this work 
(micrographs for machined surfaces not shown). 
Another feature clearly visible from Figure 4.44 are 
the string-like protrusions, which can be assigned to 
delta-(Ni3Nb) phase particles [CON-2003]. 
Connolley et al. [CON-2003] mention that these 
string-like protrusions are small particles of 
different morphologies appearing at grain 
boundaries of IN-718.  
EDX analysis suggested that oxidation of 
IN-718 leads to the formation of a Cr-rich scale. 
According to Seehra and Babu [SEE-1996] who 
oxidized IN-718 in air at 982 °C for 1 h, the formed 
scale consist of (Cr,Fe)2O3 and FeNbO4.  
The recorded mass gain data for uncoated 
IN-718 after heat treatment at 900 °C in air follows 
a parabolic rate constant law as was shown in the 
results section. This is in agreement with the results 
of Greene and Finfrock [GRE-2001] who analyzed 
the oxidation of uncoated IN-718 in air. However, 
the reaction rate constants found in the work 
presented here (Table 4.9) deviate markedly from 
the values reported by Greene and Finfrock 
[GRE-2001] as illustrated in Table 4.9. This could 
be assigned to the fact that according to these 
authors the mass gain at 900 °C was barely 
recognizable which probably could be attributed to 
the fact that they used a balance with a precision of 
0.1 mg whereas measurements were carried out to a 
precision of 0.01 mg in this work. However, as 
pointed out by Chattopadhyay and Wood 
[CHA-1970] comparisons of rate constants given 
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by different authors are “hazardous” due to 
differences in purity of used materials, degree of 
cold work, surface finish and exposure conditions. 
In contrast to the samples analyzed in this work the 
ones used by Greene and Finfrock [GRE-2001] 
were not polished. Hence, the markedly higher rate 
constants given by these authors might be attributed 
to the fact that their samples had a higher surface 
roughness and thus a higher mass gain per surface 
area (surface area based on apparent sample 
geometry without taking into account surface 
contributions from surface roughness). 
 
Oxidation protection of coating layer(sol) at 800 °C 
Figure 4.51 illustrates the protective ability of a 
0.6 µm thick alumina layer deposited via sol-gel 
processing. After an 800 h exposure at 800 °C the 
coated surface shows only 36 % of the mass gain of 
an uncoated surface. It is interesting to note that at 
800 °C the ratio (Δm/Acoated)/(Δm/AUNcoated), hence 
the mass gain of a coated surface per mass gain of 
an uncoated surface, increases slightly from 25 % 
to 36 % between 100 h and 300 h. At exposure 
times longer than 300 h, the relative mass gain 
reaches a plateau of 36 %. One could interpret this 
result as a sign for a decrease in oxidation 
protection capability during the first 300 h. This is 
not the case, as will be illustrated in the following. 
The data shown in Figure 4.51 represents the 
overall mass gain (Δm/Acoated)/(Δm/AUNcoated) which 
is abbreviated with B (refer methods section). It is 
evident that B is as a function of time. In contrast to 
B the actual mass gain at a certain point in time, 
hence the oxidation velocity, is given by B•  which 
for coating layer(sol) is shown in Figure 4.52. If 
one calculates the ratio of mass gain velocity 
between coated and uncoated surfaces, i.e. 
B• coated/B
•
UNcoated (plot not shown), one finds that this 
ratio is roughly the same at 100 h and 800 h. Hence, 
regarding mass gain velocity the applied coating 
offers the same relative protection at 100 h and 
800 h. However, at 200 h this ratio shows a local 
maximum. This maximum provoked the step in the 
Bcoated/BUNcoated ratio as B is a cumulative number 
summarizing the mass gain over a certain period of 
time. As a result, one can conclude that both 
parameters B and B•  are two parameters describing 
the oxidation behavior. Especially in the case of 
changes in the Bcoated/BUNcoated ratio considerations 
of mass gain velocity (B• coated/B
•
UNcoated) might offer 
new insights. However, the determination of mass 
gain velocity ratios involves further mathematical 
treatment of the experimental data, and the use of 
interpolating functions which provokes the question 
of errors introduced by such an analysis. Thus, sole 
reliance on mass gain velocity ratio B• coated/B
•
UNcoated 
might be misleading.  
 
Oxidation protection of coating layer(sol) at 900 °C 
Increasing test temperature from 800 °C to 900 °C 
limited the protective function of the applied 
layer(sol) coating to ~ 200 - 300 h. At longer 
exposure times the coating properties deteriorated, 
rendering the coating rather ineffective.  
The almost complete loss of protective 
capability at 900 °C might be explained by the 
destruction of the 0.6 µm thick coating layer(sol) 
due to eta-Al2O3 formation taking place between 
800 °C and 900 °C. As was shown above, the much 
thicker (1.3 µm) coating layer(sol-PVP) observed 
spallations when heating to 900 °C which were 
most likely caused by the amorphous to eta-Al2O3 
phase change. If phase change induced cracks were 
responsible for the observed loss in protectiveness 
in the only 0.6 µm thick coating layer(sol), one 
would have expected no oxidation protection from 
the start of the experiment at 900 °C. As was 
illustrated in the case of the presumably phase 
change induced spallations observed in coating 
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layer(sol-PVP), such spallations occurred already 
after heating for 5 h.  
However, the phase change from amorphous 
species to eta-Al2O3 might explain the seemingly 
gradual decrease in oxidation protection capability 
of coating layer(sol) within the first ~ 200 - 300 h at 
900 °C. It could well be that this transition leads to 
the formation of discrete grains which might lead to 
an accelerated Cr diffusion as it is well known that 
diffusion occurs primarily along grain boundaries 
or dislocations [PIN-2006]. The fact that TEM 
analysis revealed the presence of discrete grains 
already at much lower temperatures, namely 
800 °C, contradicts this hypothesis. In addition, it is 
rather unlikely that the transformation from the 
amorphous state to eta-Al2O3 which takes place at 
~ 850 °C, needs 200 - 300 h at 900 °C. As a result, 
the idea that phase change induced spallations or 
occurrence of discrete grains are responsible for the 
observed loss in oxidation protection has to be 
discarded. 
A key role for the explanation of the temporary 
oxidation protection at 900 °C may be assigned to 
spallations. As was mentioned in the results section, 
spallations were also observed during 900 °C 
testing of coated substrates, whereas it was not 
possible to distinguish whether these spallations 
result from the uncoated circumference or from the 
coated surface. One might hypothesize that the 
occurrence of spallations on the coated substrate 
surface marks the end of the period of temporary 
protection of these coated areas. At a first glance 
one might suspect that if a certain amount of a 
coated surface is damaged by spallation, the 
resulting mass gain velocity of such a mixed 
surface comprising damaged zones and intact 
coated areas should still be smaller than the mass 
gain velocity of an uncoated reference surface. 
However, one should bear in mind that a growing 
TGO reduces the oxide growth rate, hence slows 
down further oxidation. This protective behavior 
can be seen in Figure 4.49. Thus, if local spallations 
occur within a coated area, the resulting overall 
mass gain velocity might be significantly increased 
as these spots, i.e. “fresh” surfaces, are void of even 
a protective TGO layer. As a result, the detected 
peak in mass gain velocity after heating for ~ 300 h 
at 900 °C (Figure 4.52) could be an indication for 
the onset of marked spallations. However, one 
might object that no such marked peak in mass gain 
velocity was observed in the uncoated reference 
sample, which exhibited spallations already after 
heating for 100 h at 900 °C. Perhaps these 
spallations took place in a more gradual manner, 
whereas spallations on the coated surfaces might 
have taken place more abruptly.  
 
Oxidation protection layer(sol-ssp) 
As was already discussed for coating layer(sol), 
increases in mass gain ratio Bcoated/BUNcoated do not 
necessarily imply a decreased oxidation protection 
as can be seen when looking at oxidation velocity. 
The same effect of seemingly decreased oxidation 
protection capability as to the mass gain ratio 
Bcoated/BUNcoated can be observed in the 900 °C 
experiment layer(sol-ssp) between 100 h and 300 h 
(Figure 4.54). Similar to coating layer(sol) at 
800 °C, a temporary increase in the mass gain 
velocity ratio B• coated/B
•
UNcoated is responsible for the 
observed increase in the total mass gain ratio 
Bcoated/BUNcoated given in Figure 4.54. As with the 
800 °C case of coating layer(sol) the 900 °C 
experiment of layer(sol-ssp) observed roughly the 
same ratio of oxidation velocities B• coated/B
•
UNcoated at 
100 h and 800 h.  
In the case of the 800 °C experiment for coating 
layer(sol-ssp) one could conclude that oxidation 
protection is improving with time as the ratio of the 
overall mass gain Bcoated/BUNcoated given in Figure 
4.54 shows a small decrease between 400 h and 
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500 h. However, analysis of the mass gain velocity 
ratio B• coated/B
•
UNcoated indicates that the same general 
shape as observed for the former two cases 800 °C 
layer(sol) and 900 °C layer(sol-ssp) can be found, 
the only difference being a small local minimum at 
450 h in the mass gain velocity graph of coating 
layer(sol-ssp) (Figure 4.55). It could well be that 
this local minimum is the result of an experimental 
error. Perhaps some unaccounted mass loss 
occurred which resulted in a seemingly reduced 
mass gain velocity. 
Although being much thicker than coating 
layer(sol), coating layer(sol-ssp) offered a similar 
oxidation protection at 800 °C. When regarding 
mass gain velocities, one might even conclude that 
coating layer(sol-ssp) has a slightly lower oxidation 
protection capability as it results in a higher mass 
gain velocity (Figure 4.55, Figure 4.52). However, 
when taking into account the experimental error, 
the significance of this difference seems doubtful. 
In contrast to layers applied with “pure” sols, 
introducing sol-suspension interlayers extends the 
possible oxidation protection to even 900 °C as was 
shown in Figure 4.54. This finding is remarkable 
because it points towards a significant influence of 
the seemingly porous sol-suspension layers. As was 
shown above, experiment layer(sol), hence a 
coating applied with a “pure” sol in four coating 
cycles, results in a roughly 0.6 µm thick coating 
which offers oxidation protection at 800 °C but 
degrades within ~ 200 h at 900 °C. Based on the 
idea that oxygen diffusion is the critical parameter 
determining oxidation induced mass gain behavior, 
one could have surmised that the applied multilayer 
coating shows an analogous or even worse 
degradation behavior. The reason for this 
assumption being the rather porous appearance of 
the sol-suspension interlayers shown in Figure 4.46. 
As a result, these porous sol-suspension interlayers 
could be assumed as oxygen transparent. If 
considering oxygen diffusion as the process 
dominating oxidation protection, one could see 
multilayer coating layer(sol-ssp) as a set of three 
“pure” sol coatings acting as functional layers 
merely being separated by two porous 
sol-suspension coatings.  
The fact that coating layer(sol-ssp) which 
contains three “pure” sol derived layers offered 
oxidation protection even at 900 °C whereas 
coating layer(sol) consisting of a comparative 
number (four) of “pure” sol derived layers offered 
almost no oxidation protection suggests that the 
above described model is not applicable. Either the 
sol-suspension coatings also act as oxygen barriers 
or one has to alter the idea of oxygen diffusion as 
the governing principle.  
 
Residual oxidation on coated surfaces  
It is interesting to note that at 800 °C the coated 
surface in coating layer(sol) is still subject to 
oxidation as both the specific mass gain Bcoated and 
the velocity of the specific mass gain B• coated are 
bigger than zero. Roughly both layer(sol) and 
layer(sol-ssp) coated surfaces show 50 % of the 
cumulated mass gain and the velocity of mass gain 
compared to an uncoated surface. One explanation 
for this residual mass gain at coated surfaces might 
be that the protective capability of the applied 
alumina layers is systematically underestimated. As 
was outlined in the methods section, IN-718 
substrates were polished on both top sides. The 
available polishing apparatus did not allow for 
polishing the circumference. Hence, these sides 
could only be grinded with fine SiC sandpaper. The 
circumference should therefore have a higher 
surface roughness, which in turn should lead to a 
higher mass gain per overall surface area (surface 
area based on apparent sample geometry without 
taking into account surface contributions from 
surface roughness). The oxidation behavior of these 
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grinded surfaces was not determined separately but 
assumed to be the same as for polished surfaces. 
This leads to a systematic underestimation of the 
mass gain of the circumference while calculating 
the specific mass gain of a coated substrate. In the 
mass balance of the coated substrate this residual 
mass gain of the circumference appears on the side 
of the coated surface area. Failures do furthermore 
arise from occasional flaws in the applied layers. 
As was already mentioned earlier on, spin coating 
results in a zone with excessive layer thickness at 
the brink of each substrate. In this zone spallations 
and cracks were frequently observed. Another 
important contribution to a systematic 
underestimation of the protective capability of an 
applied layer are the observed tower-like 
protrusions, which represent local flaws in the 
layer. It is likely that at these spots higher specific 
mass gains occurred as the underlying substrate is 
exposed to ambient air.  
On the other hand, CrO3 evaporation and 
handling related mass losses might result in a 
seemingly improved oxidation resistance, as sample 
mass is reduced. Handling related mass losses 
might have been caused during weighing the 
samples. However, it should be noted that this 
procedure was carried out with outmost care. 
Furthermore, no layer fragments were found on the 
weighing tray. Besides, handling induced 
spallations should occur in both coated and 
uncoated samples. Hence, one might assume that 
this error does not lead to a systematic over- or 
underestimation of oxidation protection capability.  
 
Oxygen barrier effect 
According to TEM analysis, no subjacent oxide 
layer was formed underneath the applied alumina 
layer. This result might be seen as a hint towards an 
oxygen barrier effect of the alumina layer. If 
oxygen ingress is not hindered, one should find an 
oxide scale underneath the applied alumina layer, 
hence internal oxidation of the IN-718 substrate. 
The conclusion that sol-gel applied alumina layers 
have an oxidation barrier effect is in agreement 
with previous literature reports [LIM-2005, 
NAB-2003].  
When coating a porous support with a “pure” 
sol, a reduction in oxygen permeation was detected, 
which might be interpreted as a finding supporting 
the assumption of alumina coatings acting as 
oxygen barriers. However, as will be shown later 
on, the detected reduced oxygen permeation does 
not necessarily imply that alumina layers act as 
oxygen barriers.  
 
Chromium diffusion 
Apart from assigning the observed residual mass 
gain as discussed above to a systematic 
underestimation of the protective capability of 
applied layers, one might hypothesize about another 
effect. It was shown via TEM analysis that Cr can 
be found in all parts of an applied coating. Hence, 
Cr diffuses through the applied coating. As a result 
of this Cr diffusion one might hypothesize that Cr 
starts to form a chromium oxide layer on top of the 
applied coating. Such a chromium oxide layer 
might be the cause for the observed residual mass 
gain. It should be noted that even if such a process 
takes place, the growth rate would be greatly 
reduced compared to uncoated surfaces as was 
confirmed with mass gain measurements indicating 
a reduced mass gain rate at coated compared to 
uncoated surfaces. If assuming that indeed the 
growth of an additional chromium oxide layer on 
top of the applied alumina coating takes place, the 
implication of the observed mass gain reduction 
would be that the applied alumina layer hinders Cr 
diffusion. The growth of such an additional 
chromium oxide layer should lead to a gradual 
increase of layer thickness with time. After layer 
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preparation and subsequent heating to 500 °C the as 
prepared coating layer(sol-PVP) had an initial layer 
thickness of 1.0 µm, whereas TEM analysis of this 
layer(sol-PVP) coating after 800 h at 800 °C 
yielded a layer thickness very close to 1.0 µm, 
namely 1.3 µm (Table 4.11). Hence, there is indeed 
a small increase in layer thickness during an 800 h 
exposure at 800 °C.  
However, the following should be noted. The 
layer thickness in the as prepared layer(sol-PVP) 
coating after 500 °C was determined using the mass 
gain caused by layer application which allows a 
layer thickness calculation. As a result one might 
object that comparing this thickness value (1.0 µm) 
with a TEM derived thickness value (1.3 µm) is 
questionable for the following reasons: (i) The layer 
thickness calculation using the weight gain of the 
substrate due to coating and subsequent heat 
treatment at 500 °C could be an underestimate as 
the thickness value obtained by using the mass gain 
of a coated substrate is based on an assumed layer 
density of 3.5 g/cm3. This implies a rather high 
relative density of the alumina layer, namely 
~ 88 %. The actual density could as well be smaller 
which resulted in a higher calculated layer 
thickness. (ii) A small but discernable shrinkage 
could be determined with dilatometric 
measurements between 500 °C and 800 °C. Hence, 
the starting thickness at 800 °C could be smaller 
than 1.0 µm. Assessing the impact of the resulting 
error from the two above mentioned errors is 
hindered as both have contrary effects. While the 
first one points to an underestimation of layer 
thickness the second one suggests that layer 
thickness is an overestimate, when looking at the 
starting layer thickness at 800 °C.  
As a result, the comparable thickness values 
after heating to 500 °C (1.0 µm, weight gain 
derived) and 800 °C (1.3 µm, TEM derived) cannot 
unambiguously be interpreted as a proof for the 
hypothesis that chromium oxide scale growth took 
place. Testing for even longer times than 800 h 
might offer new insights. If layer thickness is 
significantly increased above 1.3 µm, then the 
residual weight gain in layer(sol-PVP) coatings 
may be ascribed to the interplay of systematic 
underestimation of oxidation protection capability 
and growth of an additional chromium oxide layer. 
Long term experiments are currently being carried 
out.  
The hypothesis of chromium oxide scale growth 
taking place at a reduced rate compared to an 
uncoated surface implies that alumina layers act as 
a diffusion barrier for Cr. Indeed it was shown by 
Eritt et al. [ERI-2002] that an alumina layer can act 
as diffusion barrier. According to these authors a 
3 µm thick CVD applied alpha-Al2O3 layer acts as a 
diffusion barrier for Al, W, Re, Ta and Ti. 
However, these authors furthermore reported that 
Cr and Co diffuse through their alumina layer. No 
information has been published by Eritt et al. 
[ERI-2002] whether their alumina layer slowed 
down Cr and Co diffusion. The findings by Eritt et 
al. [ERI-2002] whether Cr diffuses through the 
alumina coating agrees well with the TEM results 
presented in the present work where Cr was found 
in all parts of the applied alumina coating.  
As a result of the two facts (i) confirmed Cr 
diffusion into the layers applied in this work and 
(ii) detection of a residual mass gain at coated 
surfaces, one might hypothesize the following: 
After a short transition time in which Cr diffuses 
into the applied alumina layer, the applied alumina 
layer behaves in a similar fashion as a chromium 
oxide layer. Hence, instead of assigning the 
detected residual mass gain on coated surfaces to 
the growth of an additional chromium oxide layer 
on top of the applied alumina coatings, one might 
address the layer resulting from (i) diffusion of Cr 
into the alumina layer and (ii) possibly Al diffusion 
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into the substrate, as essentially a chromium oxide 
scale. This assumption is corroborated by the fact 
that no apparent gradient in Al distribution or an 
interface between an Al rich and an chromium 
oxide rich zone was found in coating 
layer(sol-PVP) after heating for 800 h at 800 °C. 
The above illustrated idea would imply that after 
the initial Cr diffusion process into the whole 
alumina layer, a coated IN-718 substrate having a 
certain layer thickness d will have the same mass 
gain kinetics as an uncoated IN-718 reference 
sample which has been preoxidized just long 
enough to have a thermally grown chromium oxide 
layer with the same thickness, namely d. Apart 
from the above discussed errors in layer thickness 
estimation, this model might explain the detected 
small increase in layer thickness from 1.0 µm to 
1.3 µm, when heating a layer(sol-PVP) coated 
specimen for 800 h at 800 °C. In the context of this 
assumption one might conclude that the mass gain 
ratio graphs shown so far (Figure 4.51 and Figure 
4.54) compare the applied alumina layer with a 
chromium oxide layer at similar points in time but 
that at these similar points in time the applied 
alumina layer (changed by Cr interdiffusion) and 
the grown chromium oxide scale have different 
layer thicknesses. In other words, at 100 h the 
chromium oxide scale on an uncoated reference 
sample might be thinner than the applied alumina 
layer. Hence, the, compared to coated samples, 
observed higher mass gain velocity at an uncoated 
reference sample might be attributed to the lower 
layer thickness of the grown chromium oxide scale 
compared to the applied alumina coating.  
However, it will be shown in the following that 
the layer resulting from interdiffusion of Cr into the 
alumina layer and Al into the substrate has a better 
oxidation protection effect than the chromium 
oxide layer grown on an uncoated reference sample 
even when comparing them at similar layer 
thicknesses.  
The mass gain velocity of an 0.6 µm thick (after 
heat treatment to 500 °C) layer(sol) coating after 
100 h of exposure to 800 °C was calculated to be 
0.00023 mg/cm2/h (Figure 5.7). At the same time 
(100 h) and at the same temperature (800 °C) an 
uncoated reference sample has an initial mass gain 
velocity of 0.00057 mg/cm2/h which decreases to 
0.0002 mg/cm2/h after heating for 800 h at 800 °C 
(Figure 5.7). It can be seen in Figure 5.7 that after 
heating for 596 h the mass gain velocity of the 
uncoated surface has decreased to the same level of 
mass gain velocity as the coated surface after 
heating for 100 h, namely to 0.00023 mg/cm2/h.  
It is possible to estimate the layer thickness of 
the grown chromium oxide layer on an uncoated 
reference sample after heating for 596 h. When 
determining the absolute mass gain at an uncoated 
reference sample after heating for 596 h at 800 °C, 
which can be done using Equ. 4.3 and the KP value 
reported in Table 4.9, one gets the following result 
in mg/cm2: 
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According to Figure 4.50, an uncoated reference 
sample has a ~ 1.7 µm thick chromium oxide scale 
after heating at 800 °C for 800 h. With this 
thickness value and the recorded mass gain data of 
an uncoated reference sample after heating for 
800 h at 800 °C, which equals 0.29 mg/cm2 (Figure 
4.49), one can estimate the layer thickness in this 
uncoated reference sample after heating for 596 h at 
800 °C with the following equation:  
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Figure 5.7. Mass gain velocity for coated and uncoated IN-718 
surfaces as a function of exposure time and heat treatment 
temperature. Coating schema used: layer(sol). 
 
 
d = 1.7 µm / (0.29 mg/cm2) · 0.25 mg/cm2   
   = 1.5 µm. 
 
 This result means that after heating for 596 h at 
800 °C a 1.5 µm thick chromium oxide layer has 
formed on the uncoated reference sample. This 
1.5 µm thick layer of chromium oxide provokes a 
mass gain velocity of 0.00023 mg/cm2/h. The same 
mass gain velocity was observed for an only 0.6 µm 
thick layer(sol) coating. This result illustrates the 
enhanced oxidation protection of the applied 
alumina layers, which are markedly changed during 
the course of heat treatment by interdiffusion of Cr 
and Al.  
It should be noted that the initial layer thickness 
value of 0.6 µm is a mass gain derived value after 
heating at 500 °C. Hence, against the background 
of the problems related with layer thickness 
estimations outlined above, one might object that 
the assumption that this thickness value equals the 
initial layer thickness after heating for 100 h at 
800 °C is questionable. The layer thickness of 
coating layer(sol) was not accessible with FIB or 
TEM. However, as was shown above, coating 
layer(sol-PVP) shows a similar mass gain behavior 
as coating layer(sol), hence comparisons with the 
thicker coating layer(sol-PVP) whose layer 
thickness after heating for 800 h at 800 °C was 
determined via FIB and TEM are justified. In 
coating layer(sol-PVP) the layer thickness after 
heating to 500 °C was determined to be 1.0 µm and 
after heating for 800 h at 800 °C 1.3 µm. Hence, the 
increase in layer thickness after heating for 100 h 
seems to be negligible.  
Apart from assigning the detected residual mass 
gain on coated surfaces to a systematic 
underestimation of oxidation protection capability, 
two explanations have been discussed so far, (i) the 
growth of an additional chromium oxide layer on 
top of the applied alumina coating and (ii) the 
transformation of the applied alumina coating into a 
chromium-oxide-like layer due to Cr and Al 
interdiffusion. Both approaches imply that the 
applied coating, or the resulting coating after Cr 
and Al interdiffusion, acts as Cr diffusion barrier as 
it was shown above that coated areas exhibit a 
reduced mass gain provoked by the formation of 
chromium oxide.  
Such a Cr diffusion barrier effect might not only 
explain the results for coating layer(sol-PVP) and 
layer(sol) discussed above but also of the multilayer 
coating layer(sol-ssp). This coating offered 
oxidation protection even at 900 °C for 800 h. In 
this context, the porosity probably introduced by 
the sol-suspension coatings could be beneficial. 
Pores would reduce the effective surface area 
usable as possible path for Cr diffusion. On the 
other hand, when taking Cr diffusion as the only 
factor controlling the oxidation behavior, one 
cannot explain the fact that at 800 °C the same 
oxidation protection was achieved with coatings 
layer(sol-ssp) and layer(sol), i.e. a multilayer 
coating and a “pure” sol coating. At 800 °C one 
could have expected the multilayer coating to offer 
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better oxidation protection as the same reduction in 
Cr diffusion should be achieved like at 900 °C. It is 
furthermore interesting to note that at 800 °C the 
only 0.6 µm thick coating layer(sol) offers a 
comparable or even slightly better oxidation 
protection than the much thicker (3.6 µm) 
multilayer coating layer(sol-ssp).  
 
Influence of layer thickness 
If comparing layer(sol) and layer(sol-PVP) coatings 
it is evident that layer thickness does not greatly 
influence oxidation protection during oxidation for 
800 h. As testing temperature is increased from 
800 °C to 900 °C, thicker layers like the 1.3 µm 
thick coating layer(sol-PVP) rather lead to 
spallations, which were most likely caused by 
phase change induced tensions. At 800 °C both 
coatings layer(sol) and layer(sol-PVP) were intact 
and no significant difference in relative mass gain 
after heating for 800 h was observed (Table 4.11) 
although coating layer(sol) was only half as thick as 
coating layer(sol-PVP) with its thickness of 1.3 µm.  
It is interesting to compare coating 
layer(sol-PVP) and layer(sol-ssp). The former 
coating has roughly one third of the thickness of 
layer(sol-ssp) but shows phase change induced 
spallations after heating to 900 °C, whereas the 
even thicker 3.6 µm thick coating layer(sol-ssp) 
could be heated to 900 °C without exhibiting 
spallations. This might be attributed to the fact that 
this layer contained three layers prepared with 
“pure” sol and two layers having been prepared 
with an A/C = 0.01, 10/20 sol-suspension mixture. 
Hence, as only three layers prepared with “pure” 
sol were incorporated in coating layer(sol-ssp) the 
amount of alumina prone to phase changes was 
lower than in coating layer(sol-PVP) with its eight 
coatings being prepared from a “pure” sol.  
 
 
Layer bonding 
As layers were applied on polished substrates, 
mechanical interlocking between the substrate and 
the coatings seems unlikely. However, as was 
shown in Figure 4.53 Nb protrusions grow into the 
layer. These protrusions may improve the layer 
bonding. However, the dominant binding 
mechanism seems to be chemical in nature as these 
Nb protrusions are a result of heat treatment 
(T > 500 °C) and the applied layers show excellent 
bonding already in the as prepared state 
(T = 350 °C). The assumption of a chemical 
bonding mechanism is supported by TEM analysis 
which reveals a high degree of interdiffusion from 
the substrate into the layer. For instance (Cr,Al)5O12 
was detected near the metal/alumina interface. 
Furthermore, it was shown by Rashkeev et al. 
[RAS-2003] that Cr can bind on eta-Al2O3, which 
according to the data discussed above is the 
transition alumina expected to be present at 900 °C.  
It is furthermore noteworthy that neither 
layer(sol) nor layer(sol-ssp) coatings showed any 
multilayer structure, although having been prepared 
via multiple coating steps. All layers appeared 
homogenous, hence repeated coating does not cause 
the formation of interfaces, which may act as 
internal flaws. Hence, the applied layers do not 
only show good bonding properties to the 
underlying metal substrate but also to other alumina 
layers.  
 
Thermocycling 
The good thermal cycling resistance of layer(sol) 
coatings agrees well with other literature reports. 
Eritt et al. [ERI-2002] test a CVD applied 3 µm 
thick alpha-Al2O3 coating on CMSX-4. These 
authors reported to observe no delaminations after 
500 cycles between 1000 °C and room temperature. 
The good cycling resistance for coating layer(sol) 
observed in the work presented here can be 
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attributed to two factors, (i) a thin layer shows less 
flaws which reduces the number of possible crack 
nucleation sites and (ii) the low elastic modulus 
(160 GPa after heat treatment at 1150 °C) of the 
alumina layer (Table 4.12) compared to dense 
Al2O3 which is given by Munz and Fett 
[MUN-1989] with 410 GPa. A low elastic modulus 
implies that at a given strain a lower mechanical 
tension is caused in an applied layer. The low 
elastic modulus of the applied alumina layers 
compared to dense Al2O3 points towards a 
significant degree of porosity within the applied 
alumina layers [MUN-1989].  
Additionally, the fact that the coatings were 
applied at room temperature might be beneficial for 
thermal cycling resistance for the following 
reasons: In current MCrAlY and aluminide coating 
systems the growth of a TGO layer leads to TBC 
system failure as this growth leads to compressive 
stresses within the TGO layer [EVA-2001]. These 
compressive stresses lead to undulations (Figure 
2.2) which in turn result in tensile stresses normal 
to the bond coat plane [EVA-2001]. As a result of 
these tensile stresses spallations occur [EVA-2001]. 
Hence, if compressive stresses can be reduced, an 
increased spalling resistance should occur. Such a 
reduction in compressive stresses might have been 
achieved in this work. Application of the sol-gel 
alumina coatings was carried out at room 
temperature. Hence, these layers are rather subject 
to tensile stresses because of two reasons: (i) Most 
likely metal substrates have a higher thermal 
expansion coefficient than the applied ceramic 
layer, hence the underlying substrate shows a 
higher expansion during heating up than the applied 
alumina coating. (ii) In addition to the 
CTE-mismatch between the applied alumina layers 
and the metal substrates, the applied layers shrink 
during heating up because of phase change induced 
shrinkages and mass loss.  
While coating layer(sol) showed no cracks or 
spallations after 400 cycles between 810 °C and 
room temperature, the multilayer coating 
layer(sol-ssp) observed microcracks after 400 
cycles. However, these flaws cannot 
unambiguously be assigned to the influence of 
thermal cycling as this coating showed initial 
cracks already after layer preparation (Figure 4.57). 
No information regarding the depth of the observed 
cracks is available. It is also unknown in how far 
these cracks impede the oxidation protection 
capabilities. Still, it should be noted that this type of 
microcracked coating (layer(sol-ssp)) exhibited 
excellent oxidation protection up to 800 h even at 
900 °C (Figure 4.54).  
 
Comparing oxidation protection potential of sol-gel 
derived alumina coatings with MCrAlY and 
aluminide coatings 
It is difficult to compare the oxidation protection 
effect of layers applied in this work with data 
published in the literature regarding current 
oxidation protection techniques for the following 
reasons: Many different base metals are used and 
testing conditions differ with respect to 
temperature, atmosphere, time and cycling 
conditions. All of these different parameters have a 
huge impact on oxidation behavior. Furthermore, 
even when similar testing conditions were applied, 
markedly different results are reported as was 
illustrated above. Literature values for oxidation of 
uncoated IN-718 substrates differed markedly 
compared to values obtained in this work. The 
reason presumably being differences in surface 
roughness. Hence, even if the same alloy (IN-718) 
is used by other authors direct comparisons seem 
questionable.  
In order to be able to compare the layers applied 
in this work with current oxidation protection 
techniques, it would be necessary to coat IN-718 
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substrates with MCrAlY layers or aluminide 
coatings. These reference samples have then to be 
tested according to the same time-temperature 
regime as applied in this work. Only one literature 
report [LIM-2005] was found in which the authors 
reported about the oxidation of IN-718, coated with 
a complete TBC system comprising a MCrAlY 
layer and a ZrO2 top layer. However, these authors 
used a much higher testing temperature of 1050 °C. 
As this temperature is much higher than the 
recommended working range of IN-718 (650 °C, 
[SEE-1996]) the maximum testing time applied by 
Limarga et al. [LIM-2005] was 96 h. Due to the 
high temperature and the unknown surface finish 
conditions, any comparison of data published in 
[LIM-2005] with results obtained in this work is 
unjustified. As a result, the available data does not 
allow any classification or judgement of the 
oxidation protection capability of the applied 
alumina layers.  
However, the general finding of this work that 
thin alumina coatings are beneficial for oxidation 
resistance is in agreement with literature reports as 
will be shown in the following. As already 
mentioned above, Limarga et al. [LIM-2005] 
analyzed the oxidation behavior of IN-718 
substrates coated with a complete TBC system. 
These authors found that a 50 µm thick plasma 
spray applied Al2O3 layer between the MCrAlY 
coating and the overlying ZrO2 layer markedly 
reduces the deleterious growth of a TGO to ~ 30 %. 
It is interesting to note that much thinner layers 
applied in the present work result in comparable 
mass gain reductions. Reports about improvements 
in oxidation behavior caused by coatings with 
Al2O3 can furthermore be found in the following 
references: [NAB-2003, ERI-2002, STR-1989, 
SIN-1997, DRA-1994, TSA-2003, SHA-1995, 
TRO-1999]. 
 
Conclusion: Coating experiments 
Different materials (glass, corundum and IN-718) 
can be coated with modified Yoldas sols and 
sol-suspension mixtures.  
The oxidation of IN-718, a Ni-base superalloy, 
can significantly be reduced when coated with 
either sols or multilayer coatings. Multilayer 
coatings comprise layers prepared from sols and 
layers prepared from sol-suspension mixtures. Mass 
gain measurements indicate that sol coatings result 
in a reduction of layer growth by ~ 50 % up to 
temperatures of 800 °C. Multilayer coatings reduce 
oxidation of IN-718 even at temperatures as high as 
900 °C by ~ 50 %. No significant difference 
between coatings being 0.6 µm and 1.3 µm thick 
were found during heating at 800 °C for 800 h. 
Coatings with modified Yoldas sols being 0.6 µm 
thick can be heated to 900 °C without the formation 
of cracks. A 1.3 µm thick “pure” sol derived 
coating resulted in cracks, which were most likely 
caused by shrinkages associated with eta-Al2O3 
formation taking place between 800 °C and 900 °C. 
Coatings derived from sols show no cracks after 
thermocycling for 400 cycles between 810 °C and 
room temperature. Multilayer coatings showed 
microcracks when tested at the same conditions, 
whereas the formation of these cracks cannot 
unambiguously be assigned to thermal cycling 
induced stresses, as these layers showed 
microcracks already after preparation at 500 °C. 
Despite these microcracks multilayers offered 
oxidation protection even at 900 °C. The applied 
layers seems to be attached to the metal substrate 
via a chemical bonding mechanism.  
Coated surfaces exhibit a reduced but still 
measurable residual mass gain, which might be 
attributed to two effects: (i) The experimental 
approach chosen in the present work might have 
resulted in a systematic underestimation of 
protective capability and (ii) the possible growth of 
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an additional chromium oxide layer on these coated 
surfaces. The available data does not allow to 
decide which of these mechanisms takes place. 
Furthermore, the extent of these effects is unclear. 
Long term tests and further TEM studies have to be 
carried out in order to understand the observed 
residual mass gain. The protective effect of sol-gel 
alumina layers might be ascribed to a barrier effect 
regarding Cr diffusion. In addition, oxygen 
diffusion seems to be hindered as well as no 
apparent internal chromium oxide formation was 
observed after long term high-temperature exposure 
of coated IN-718 substrates.  
 
Oxygen permeability 
Influence of gas phase velocity 
The important influence of gas phase velocity over 
the substrate could clearly be demonstrated on 
uncoated substrates. As shown in Figure 4.60, the 
permeability of the uncoated substrate increased by 
almost one order of magnitude when the gas 
velocity was increased from 0.5 cm/s to 5.5 cm/s. 
Increased permeation rates as a result of increased 
gas flow rates were also reported by Stephens et al. 
[STE-2000] who studied the influence of gas flow 
rate on oxygen flux through dense ceramic 
membranes. This effect might be attributed to a 
reduction in boundary layer thickness on top of the 
porous membrane.  
The fact alone that changes in the surface 
exchange processes were detectable is attributable 
to the low thickness of the support membrane 
(1 mm). In very thick substrates diffusion processes 
through the bulk material are the rate limiting step. 
Chen et al. [CKB-1997] reported surface exchange 
processes to become dominant when membrane 
thickness was reduced below 1.0 mm. Similar 
results were reported in [CKBB-1997] and 
[DIE-2003].  
This result implies that oxidation tests of metals 
coated with only micrometer thick layers at static 
air yield underestimates for the mass gain as the 
actual service conditions involve high gas 
velocities. On the other hand, most turbine blades 
are covered with a TBC coating, thus excluding any 
gas phase velocity effects on the TBC to TGO 
interface. Furthermore, it was assumed above that 
at high temperatures like 900 °C Cr diffusion seems 
to be the rate limiting step in TGO formation rather 
than oxygen diffusion. This implies that testing 
IN-718 substrates under dynamic gas phase 
conditions should not result in markedly different 
growth characteristics compared to static air testing 
as oxygen supply is not the rate limiting factor but 
Cr diffusion.  
 
Permeability coefficient of thin layers 
The actual task of determining the permeability 
coefficient of an applied coherent thin layer of 
Al2O3 could not be met during this work as no 
coherent layer was formed on top of the porous 
substrate. However, even the resulting layer 
fragments markedly influenced the permeation of 
oxygen through such a partially coated support.  
If even the applied layer fragments offer some 
resistance to oxygen permeation (Figure 4.61), one 
could draw the conclusion that a coherent layer 
may act as a good oxidation barrier coating. 
Nevertheless, the effect measured in this work has 
to be looked at in more detail. The used support is a 
porous Al2O3 ceramic. Hence, two processes 
contribute to oxygen permeation: (i) permeation 
through open channels formed by interconnected 
open pores and (ii) diffusion through the bulk 
material. It is unknown to what extend both 
processes contribute to the overall permeation rate. 
According to literature data, dense Al2O3 has a very 
low oxygen diffusion coefficient [SAL-1982]. 
Thus, it seems plausible to surmise that migration 
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of oxygen through open porosity is the major 
contributing factor. The reduction in oxygen 
permeability of the coated support compared to the 
uncoated support (Figure 4.61) should therefore be 
attributed to a reduction in open porosity of the 
support. In other words, the observed reduction in 
oxygen permeation through the porous support 
might as well have been achieved by a very oxygen 
transparent layer, e.g. a columnar ZrO2 coating 
[EVA-2001] like the one used in TBC systems. 
Such an oxygen transparent layer would still 
decrease the oxygen permeation as it closes the 
open porosity which presumably represents the 
major pathway for oxygen permeation through the 
porous supports.  
One might speculate that if the amount of 
“sealed” open pores and the average layer thickness 
on top of a “sealed” pore were known, it should in 
theory be possible to calculate a permeability 
coefficient for the applied layer fragments as the 
contribution of the uncoated support is known.  
It is interesting to note that heat treatment of the 
coated support resulted in a detectable change in 
measured oxygen permeation (Figure 4.61). One 
could hypothesize that this reduction was caused by 
a change of the porous support. This effect can be 
excluded as the support was made of sintered 
Al2O3. Besides, before being coated the support 
was heated to 700 °C in air. The detected change in 
oxygen permeation with temperature was hence 
caused by a change in the applied layer fragments. 
It should be noted that the coated substrates were 
heat treated in an oven and subsequently analyzed 
at room temperature. This result illustrates the 
potentially high sensitivity of the chosen design to 
detect temperature induced changes in gas 
permeation capability of thin layers. In the case of a 
coherent layer an even more pronounced change in 
oxygen permeation should appear, as probably not 
all open pores were sealed in the analyzed case.  
 
Conclusion: Permeation measurements 
Deposition of alumina on porous substrates hinders 
the oxygen permeation. Temperature induced 
transformations within the applied alumina lead to a 
decrease in the observed barrier effect. Permeation 
is increased at increased gas phase velocity. 
 
 
 
5.4  Economic aspects of possible applications 
 
he finding of this work that oxidation of 
the Ni-base superalloy IN-718, intended to 
be used at 650 °C [SEE-1996], can be 
reduced to ~ 50 % at temperatures as high as 
900 °C and during heating times as long as 800 h is 
remarkable. It is furthermore interesting to note that 
the thickness of oxidation protection coatings 
ranged between 0.6 µm and 3.6 µm. Besides, 
coatings could be applied with sol-gel processing at 
room temperature. Calcining of the applied layers 
might even be integrated into existing heat 
treatment regimes during turbine blade production.  
The following section gives a short overview 
over the possible benefits of the above mentioned 
facts. It should be noted that the time a coating can 
withstand without showing spallations is the 
decisive criterion regarding coating stability. 
Hence, TGO formation alone is no failure criterion. 
If compared to conventional oxidation protection 
techniques like MCrAlY or aluminide coatings 
T 
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sol-gel derived alumina coatings show the same or 
even improved long term stability against 
spallations, the conventional coating systems might 
be substituted by sol-gel derived alumina coatings. 
Instead of substituting the current MCrAlY or 
aluminide coatings one might as well introduce an 
additional sol-gel derived oxidation protection 
layer, which results in increased oxidation 
resistance of the whole TBC system. No matter 
whether using sol-gel alumina coatings as a 
substitute or an additional coating, the following 
benefits could be drawn from an application:  
 
• MCrAlY coatings are 250 µm thick 
[RUS-2000]. Hence, substituting this 
comparatively thick layer with a much thinner 
sol-gel derived alumina layer leads to weigh 
reductions of the whole turbine blade.  
• It was shown in this work that further elements 
such as Cr, Co, Fe, Cu and Ni can easily be 
incorporated into the sols. Doping with Y, Pt, Hf 
seems possible too. Sol preparation does not 
exceed 85 °C and coating is carried out at room 
temperature. Hence, during coating application 
no high-temperature coating application related 
undesired chemical reactions as described by 
Strangman [STR-1985] occur. 
• Multilayer coatings comprising sol-suspension 
derived layers and “pure” sol layers offer the 
potential for tailoring porosity. Thus, thermo 
mechanical properties like cycling resistance 
might be adjusted to different turbine blade 
operating conditions.  
• Sol-gel processing bears the potential for low 
cost applications such as spraying or diping. 
Furthermore, calcining of the applied layers can 
be done at 350 °C, perhaps at even lower 
temperatures. Hence, no additional costly 
high-temperature heat treatment step has to be 
introduced into current turbine blade production.  
 
Apart from turbine blades, other fields of 
application are imaginable. Sol-gel coatings allow 
for the preparation of coatings in hollow structures 
such as tubes, which can not be coated with 
spraying techniques like CVD. It seems worthwhile 
to test the resistance of the applied alumina 
coatings against reactive chemicals both in their 
liquid and vapor state especially at high 
temperatures. Furthermore, gamma- and eta-Al2O3 
are components of the applied alumina layers when 
using both appropriate sols and calcining 
temperatures. Gamma- and eta-Al2O3 are well 
known for their catalytical activity [RAS-2003]. 
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6. CONCLUSION 
 
 
queous alumina sols can successfully be 
used for the preparation of oxidation 
protection coatings via sol-gel processing. 
In order to achieve this goal, a manifold of parameters 
had to be studied and adjusted. In concordance to the 
general outline of this work, these concluding remarks 
will address first sols, then xerogels resulting from sols 
and finally the obtained coatings. Afterwards, a 
summary of the results regarding oxygen permeation 
measurements and an outline of future work will be 
given. It should be noted that more detailed 
intermediate conclusions summarizing the results of 
each section were already given above within the text.  
 
Sols 
Sols synthesized according to the modified Yoldas 
procedure applied in this work contain a manifold of Al 
species. Monomeric, dimeric, poorly and highly 
polymerized as well as boehmite-like species plus Al13 
and Al30 polycations were detected. Appearance of 
these species is closely related to pH value, temperature 
and aging. An influence of electrolyte content has to be 
taken into account as well.  
All sols show excellent long term stability regarding 
their rheological properties. Depending on nitrate 
content and solids loading rheological properties of the 
sols vary. Rheological measurements point to a change 
from spherical to chainlike particles when solids 
loading is increased above a certain limit. The threshold 
for this change depends on nitrate content, but 
corresponds to an aluminum nitrate concentration of 
R = m(Al(NO3)3•9H2O)/mtot ~ 0.3. Particle size 
analysis of freshly prepared sols yielded particle sizes 
below 40 nm.  
Sols were mixed with binder (PVP) and corundum 
suspension in order to achieve higher layer thicknesses 
and to change the phase composition of the resulting 
layers. Flow characteristics of these mixtures depend 
on solids loading, mixing ratio between sol and 
corundum suspension and binder concentration.   
 
Xerogels 
Al speciation of the parent sols influences the Al 
speciation of the resulting xerogels. Acidity, i.e. pH 
value, of parent sol was found the be of 
predominant influence. Sols having pH values 
below 4.2 result in amorphous xerogels 
transforming into alpha-Al2O3 via intermediate 
formation of eta-Al2O3, whereas sols having pH 
values above 4.2 form boehmite-like xerogels 
transforming into alpha-Al2O3 via formation of 
gamma-Al2O3. Temperatures of corundum 
transformation can be lowered by doping parent 
sols with corundum seeds, Cu or Fe.  
Undoped xerogels do not sinter up to 1400 °C, 
whereas doping with Cu and Ti triggers sintering 
processes at ~ 1100 °C.  
 
Coatings 
Different materials (glass, corundum, silicon wafers 
and Ni-base superalloy IN-718) were successfully 
coated with sols and sol-suspension mixtures as well as 
with multilayers comprising sol layers and 
sol-suspension layers.  
If IN-718, a Ni-base superalloy, is coated with 
either sol derived layers or multilayer coatings, the 
oxidation induced mass gain is reduced by ~ 50 %. 
Oxidation tests were carried out at 700 °C, 800 °C and 
900 °C for up to 800 h at each temperature. Multilayer 
coatings offer protection up to 900 °C, which is far 
above the recommended application temperature for 
IN-718 of 650 °C [SEE-1996]. Coating thickness 
ranged between 0.6 µm and 3.6 µm. No significant 
influence of layer thickness and binder addition on 
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oxidation protection capability was observed within the 
achieved testing time up to 800 h. The protective effect 
of sol-gel alumina layers might be ascribed to a barrier 
effect regarding oxygen and chromium diffusion. Sol 
derived coatings showed no cracks after cycling 
between 810 °C and room temperature for 400 cycles. 
 
Oxygen permeation 
Alumina hinders the permeation of oxygen, whereas 
permeation is increased at increased gas phase 
velocities. Heat treating applied alumina layers at 
increased temperatures results in a decreased 
permeation barrier effect.  
 
Future perspectives  
• Some sol related questions remain. For example: 
(i) Why are there no Al30 polycations detectable 
in modified Yoldas sols at room temperature, 
even upon aging, and (ii) what is the aging 
behavior of reheated sols?  
• “Standard” coating agents used in this work had 
a nitrate content of NO 3¯ /Al = 0.6. Still it seems 
worthwhile to test sols with higher nitrate 
content like NO 3¯ /Al = 2.2 as coating agents. 
• As was repeatedly mentioned within this work 
testing times at elevated temperatures have to be 
increased in order to elucidate whether the 
applied layers do indeed grow as is suggested by 
the recorded residual mass gain of coated 
surface areas. In addition, long term tests are 
necessary in order to investigate the behavior of 
applied sol-gel alumina coatings at targeted 
application times.  
• If starting new long term tests, one might as well 
test sol-gel alumina layers on other metals.  
• Bonding strength of sol-gel derived alumina 
coatings could not be determined within this 
work, hence measurements of bonding strength 
of applied layers as a function of temperature 
and heating time should be carried out.  
• It was mentioned in the literature review section 
that only turbine blades used in the hottest part 
of a turbine carry a ZrO2 thermal insulation 
coating above the MCrAlY oxidation protection 
bond coat. Blades in regions with lower 
temperatures carry an MCrAlY oxidation 
protection coating only. As a result, it seems 
sensible to test a TBC system where the usual 
oxidation protection MCrAlY bond coat is 
substituted by a sol-gel alumina layer as 
according to the results in the present work an 
only micrometer thick sol-gel derived alumina 
layer offers oxidation protection.  
• Thermal cycling tests carried out in this work 
aimed at investigating the cycling resistance of 
applied layers, but oxidation protection of these 
thermally cycled samples was not assessed. 
Thus, it seems sensible to investigate the 
oxidation protection capability of sol-gel 
derived alumina coatings on cycled samples.  
• The influence of changed phase composition of 
applied sol-suspension alumina layers on 
oxidation protection should be studied. It was 
shown in this work that Cr diffuses into the 
applied alumina coatings. Hence, the influence 
of Cr and other metals such as Fe or Ni on phase 
composition should be elucidated.  
• The started work on the oxygen permeation 
apparatus has to be continued. 
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9. APPENDIX 
 
9.1  Deduction Equ. 3.5 
 
ne may assume that a sol-suspension mixture is composed of n particles having a structure 
as depicted in Figure 3.1.  
 
solfromaminaluV −−   : total volume of alumina obtainable from the modified Yoldas sol 
corundumV   : total volume of corundum introduced by the corundum suspension 
solfromgoriginatinOAl 32
V −−−  : volume of alumina originating from the modified Yoldas sol, covering a   
  single corundum particle 
suspensionfromcorundumV −−  : volume of a single corundum particle being introduced by the corundum 
  suspension 
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With the above derived expressions the thickness ratio 
C
A
d
d  can be expressed with:  
A
C
3
C
3
A C/A
d
d8
ρ
ρ=  thus 2
C/A
d
d
3
A
C
C
A ρ
ρ
= .  Equ. 3.5 
O 
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9.2  Deduction Equ. 3.6 
 
Mass (m) of a layer depicted in Figure 9.1 can be calculated 
using ρ=ρ= AhVm . Layer height (h) equals ( )ρ= A/mh . If 
a substrate is completely covered, the base area A of a layer 
equals the surface area of the subjacent substrate. By 
weighing (m1) a substrate with known surface area (A1) the 
surface area of an irregular shaped substrate can be 
determined using the following equation if the irregularly shaped substrate has the same thickness 
 m
m
A
A
1
1= . Layer mass can be obtained by weighing the uncoated ( uncoatedsubstratem − ) and 
coated ( coatingaftersubstratem −− ) sample using uncoatedsubstratecoatingaftersubstrate mmm −−− −= .  
 
Thus one can write: 
( )
ρ
−=ρ= −
−−−
uncoatedsubstrate1
1uncoatedsubstratecoatingaftersubstrate
mA
mmm
A
mh .  Equ. 3.6 
 
 
9.3  Deduction Equ. 3.8 
 
With 
A
mB Δ= , the mass gain Itotm −Δ  in case I can be described by:  
IUNcoatedUNcoatedIcoatedcoatedItot ABABm −−− +=Δ . 
h 
A 
Figure 9.1. Schematic drawing of an 
applied layer having a thickness of h 
and a surface area of A 
AUNcoated-I 
Acoated-I 
Figure 9.2. Schematic drawing of a partially coated substrate. 
Case I: sample being partially coated: Case II: UNcoated reference sample 
showing only uncoated surfaces. 
AUNcoated-II 
Figure 9.3. Schematic drawing of an uncoated substrate. 
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The mass gain IItotm −Δ  in case II can be described by:  
IIUNcoatedUNcoatedIItot ABm −− =Δ . 
 
Combining the last two expressions results in:  
 
Icoated
IUNcoated
Icoated
IIUNcoated
IItot
Itot
UNcoated
coated
A
A
A
A
m
m
B
B
−
−
−
−
−
− −Δ
Δ= . Equ. 3.8 
 
 
9.4  Deduction permeability coefficient 
 
The used experimental setup whose working principle has been illustrated above (Figure 3.8) can 
be described with the following model (Figure 9.4) were 
2O
x  equals the molar oxygen 
concentration according to 
total
O
O n
n
x 2
2
=  and V& is the flux of gas expressed as unit volume per 
time.  
 
 
 
 
 
 
 
 
 
1) Partial pressure is defined according to tot
tot
O
tot
tot
O
totOO pn
n
p
n
n
pxp 22
22 &
&=== .  
2) For an ideal gas the following equation applies: •
••
=
RT
Vp
n tottottot
&
&  whereas the total 
pressure, temperature and the volume flux are based on normal conditions. Applying 2) 
in,pV&  
out,p,O2
x  
out,pV&  m,O2V&  
in,fV&  
in,f,O2
x  
out,fV&  
out,f,O2
x  
m,N2
V&  
in,p,O2
x  
feed side 
permeate side 
Figure 9.4. Model used for mathematical treatment of the permeation apparatus depicted in Figure 3.9.  
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on 1) yields: •••== RTpVp
n
p
n
n
p tot
tottot
O
tot
tot
O
O
22
2 &
&
&
&
 and hence: 
tot
totO
totO p
p
RT
p
Vn 2
2
•
•
•= && . With 
R = 8.3141 J/mol/K, •T = 273 K and •totp = 101325 Pa [REN-1986] the molar flux 2On&  
can be expressed with 61.44x
m
molVn
22 O3totO
•= && . 
3) The following balance has to be fulfilled: m,Oin,p,Oout,p,O 222 nnn &&& +=  with the former 
expression one can write m,O3in,p,Oin,p3out,p,Oout,p 222 nm
mol61.44xV
m
mol61.44xV &&& += •• . It was 
experimentally shown that the following condition is fulfilled: •• ≈ in,pout,p VV && , hence the 
molar flux of oxygen passing through the membrane can be described with: 
( )in,p,Oout,p,Oin,p3m,O 222 xxVmmol61.44n −= •&&   
4) With the basic expression Equ. 3.10 defining the permeability coefficient 
( )21 ppA
n
d
P
−=
&
 the permeability coefficient m,o2P regarding oxygen diffusion of the 
membrane can be calculated with 
( )
( )
( )out,p,Oout,p,totin,f,Oin,f,tot
in,p,Oout,p,Oin,p3
out,p,Oout,p,totin,f,Oin,f,tot
m,O
m
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22
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m
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xpxpA
n
d
P
−
−
=−=
•&&
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 Figure 9.5. Driving force ratio for air and oxygen.
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It should be noted that this approach is only valid if the same “driving force” 
( )out,p,Oout,p,totin,f,Oin,f,tot 22 xpxp −  is valid over the whole length of the substrate. This is not the case 
if the gas velocities at the sweep and permeate side differ. The graphs depicted in Figure 9.5 show 
the ratio of the “driving force” measured at the inlet side of the feed side 
( )out,p,Oout,p,totin,f,Oin,f,totin,f 22 xpxpx −=Δ  per “driving force” measured at the outlet side of the feed 
side ( )in,p,Oin,p,totout,f,Oout,f,totout,f 22 xpxpx −=Δ . As a result it is shown experimentally that the 
condition ( ) .constxpxp out,p,Oout,p,totin,f,Oin,f,tot 22 =−  is reasonably fulfilled within the set 
experimental conditions.  
It should be noted that the results presented in this work were carried out at counter-current flow. 
If using co-current flow a differential equation has to be solved as the driving force changes over 
the length of the substrate.  
 
 
9.5  Deduction Equ. 5.7 
 
The solids loading of a sol can be expressed as: 
tot
OAl
32 m
m
)OAl(c 32= . If assuming the complete 
Al2O3 content to be incorporated in n spheres having a radius of r than 
tot
OAl
3
tot
OAlsphere
tot
OAl
32 m3
r4n
m
nV
m
m
)OAl(c 323232
ρπ=ρ==  follows. The total surface area of all spheres 
equals 2r4nA π= . Rearranging the latter expression with respect to n and applying the resulting 
term onto the former yields: 
tot
OAl
2
tot
OAl
3
32 m3
Ar
r4m3
r4A
)OAl(c 3232
ρ=π
ρπ= . This expression can be 
transformed into: 
32OAl
32
tot r
)OAl(c3
m
A
ρ= . The ratio A/mPVP  equals A
mc
A
m totPVPPVP = . If applying 
the term 
32OAl
32
tot r
)OAl(c3
m
A
ρ=  onto the former expression the following results: 
)OAl(c3
rc
A
m
32
OAlPVPPVP 32
ρ= .     Equ. 5.7 
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9.6  Deduction of mass gain velocity  
 
With 
A
mB Δ= , the mass gain in case I (ref. deduction Equ. 3.8) can be described by:  
IUNcoatedUNcoatedIcoatedcoatedItot ABABm −−− +=Δ . 
If introducing the oxidation velocity B& the following expression results: 
.dtA)t(BdtA)t(B
ABABm
IUNcoatedUNcoatedIcoatedcoated
IUNcoatedUNcoatedIcoatedcoatedItot
∫∫ −−
−−−
+=
+=Δ
&&  
The mass gain in case II (ref. deduction Equ. 3.8) can be described by:  
IIUNcoatedUNcoatedIItot ABm −− =Δ  
∫ −− =Δ IIUNcoatedUNcoatedIItot dtA)t(Bm & . 
Inserting Itotm −Δ  and IItotm −Δ into  
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Itot
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m
m
B
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−
−
− −Δ
Δ=    
yields: 
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−
− −+= ∫
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&
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∫
∫=
dt)t(B
dt)t(B
B
B
UNcoated
coated
UNcoated
coated
&
&
. 
As was shown in the results section the mass gain of an uncoated surface follows a parabolic rate 
constant law tK)A/m( P
2 =Δ . According to A/mB Δ=  one can write: 
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( ) tKdt)t(BB P22 == ∫ &  and hence: ( )tKdtd)t(B PUNcoated =& . 
The ratio 
UNcoated
coated
B
B
 which will be abbreviated with F(t) in the following has been experimentally 
determined and is a function of time. F(t) has to be interpolated with an appropriate function. In 
this work the following sigmoidal approach (parameters given in Table 9.1) was used:  
2
2x
1xt
21
UNcoated
coated A
e1
AA)t(F
)t(B
)t(B +
+
+== − . 
As a result the following can be written:  
tK
dt)t(B
dt)t(B
dt)t(B
)t(B
)t(B
)t(F
P
coated
UNcoated
coated
UNcoated
coated ∫
∫
∫ === &&
&
 and hence: ( )tK)t(Fdtd)t(B Pcoated =& . 
 
Table 9.1. Parameters used for fitting with the sigmoidal function. 
parameters layer(sol-ssp) layer(sol) 
 800 °C 900 °C 800 °C 900 °C 
A1 0.55 -1.17 -0.24 0.37  
A2 0.5 0.43 0.37 0.81 
x1 in h 438.7 -265 -97.8 259.8 
x2 in h 44.2 147 119.5 78.5 
     
 
 
 
 
 
 
 
 
